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INTRODUCTION: 


The absolute silence of the vegetation along the banks and the deep prismatic glow almost 
convinced him that the entire earth had been transformed and that any progress through this crystal 
world had become pointless. 


J.G. Ballard, The Crystal World 


The Serpent that announces, “The World is a closed thing, cyclical, resonant, eternally-returning, ” 
is to be delivered into a system whose only aim is to violate the Cycle. 


Thomas Pynchon, Gravity's Rainbow 


If life itself starts from aperiodic crystals that encode infinite futures 
within a small number of atoms, then the digital crystallization of the geo- 
biologic by Capital limits these futures to the point of exhaustion. Where 
computers and the minerals from which they are made are considered as equally 
crystalline, then their decrystallization is only possible through the 
introduction of vigorous and noisy positive feedback loops. 


The Crystal World experimental research laboratories are charged with 
investigating various de/re-crystallizations of the digital through its 
redundant electronics and geologic substrates. 


Mimicking the often dangerous processes undertaken in the recovery of 
rare and precious minerals by the dispossessed, The Crystal World seeks 
to mine under the poisonous supports of a synthesised dystopic world, 
re-purposing those world interventions through experimentation in the 
formation of novel crystal geologies, aimed to etch unexpected 
psychophysical distortions and contingencies into our contemporary 
crystalline cycles. 


The Crystal World apparatus wilfully interrogates specific practices 
used in the digital crystallization of the flesh, seeking to dis-inter 
its sclerotic boundaries through attempts at the generation of new 
phenomena in open ended dynamic re-configurings of the crystalline and 
geo-biologic. 


For example, an examination of “gold”, as extracted, transduced and 
re-purposed, presents “gold” as occupying an amorphous ontological space 
criss-crossed with the diffractive cuts generated by the logics of, for 
example, geology, commodity value, product component, and social 
relations, well as the re-purposing illogics of a psycho-pathological 
distortion. 


THE CRYSTAL WORLD 
by J.G. Ballard 


Copyright 1966 by J.G. Ballard 


By day fantastic birds flew through the petrified forest, and jeweled crocodiles glittered like 
heraldic salamanders on the banks of the crystalline river. By night the illuminated man raced 
among the trees, his arms like golden cartwheels, his head like a spectral crown... 
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I. Equinox 


1 The dark river 


Above all, the darkness of the river was what impressed Dr. Sanders as he looked out for the 
first time across the open mouth of the Matarre estuary. After many delays, the small passenger 
steamer was at last approaching the line of jetties, but although it was ten o'clock the surface of the 
water was still gray and sluggish, leaching away the somber tinctures of the collapsing vegetation 
along the banks. 


At intervals, when the sky was overcast, the water was almost black, like putrescent dye. By 
contrast, the straggle of warehouses and small hotels that constituted Port Matarre gleamed across 
the dark swells with a spectral brightness, as if lit less by solar light than by some interior lantern, 
like the pavilions of an abandoned necropolis built out on a series of piers from the edges of the 
jungle. 


This pervading auroral gloom, broken by sudden inward shifts of light, Dr. Sanders had 
noticed during his long wait at the rail of the passenger deck. For two hours the steamer had sat out 
in the center of the estuary, now and then blowing its whistle at the shore in a half-hearted way. But 
for the vague sense of uncertainty induced by the darkness over the river, the few passengers would 
have been driven mad with annoyance. Apart from a French military landing craft, there seemed to 
be no other vessels of any size berthed along the jetties. As he watched the shore, Dr. Sanders was 
almost certain that the steamer was being deliberately held off, though the reason was hard to see. 
The steamer was the regular packet boat from Libreville, with its weekly cargo of mail, brandy and 
automobile spare parts, not to be postponed for more than a moment by anything less than an 
outbreak of the plague. 


Politically, this isolated corner of the Cameroon Republic was still recovering from an 
abortive coup ten years earlier, when a handful of rebels had seized the emerald and diamond mines 
at Mont Royal, fifty miles up the Matarre River. Despite the presence of the landing craft--a French 
military mission supervised the training of the local troops--life in the nondescript port at the river 
mouth seemed entirely normal. Watched by a group of children, a jeep was at that moment being 
unloaded. People wandered along the wharves and through the arcades in the main street, and a few 
outriggers loaded with jars of crude palm oil drifted past on the dark water toward the native market 
to the west of the port. 


Nevertheless, the sense of unease persisted. Puzzled by the dim light, Dr. Sanders turned his 
attention to the inshore areas, following the river as it made a slow clockwise turn to the southeast. 
Here and there a break in the forest canopy marked the progress of a road, but otherwise the jungle 
stretched in a flat olive-green mantle toward the inland hills. Usually the forest roof would have 
been bleached to a pale yellow by the sun, but even five miles inland Dr. Sanders could see the dark 
green arbors towering into the dull air like immense cypresses, somber and motionless, touched 
only by faint gleams of light. 


Someone drummed impatiently at the rail, sending a stir down its length, and the half-dozen 
passengers on either side of Dr. Sanders shuffled and muttered to one another, glancing up at the 
wheelhouse, where the captain gazed absently at the jetty, apparently unperturbed by the delay. 


Dr. Sanders turned to Father Balthus, who was standing a few feet away on his left. "The 
light--have you noticed it? Is there an eclipse expected? The sun seems unable to make up its mind." 


The priest was smoking steadily, his long fingers drawing the cigarette half an inch from his 
mouth after each inhalation. Like Sanders, he was gazing, not at the harbor, but at the forest slopes 
far inland. In the dull light his thin scholar's face seemed tired and fleshless. During the three-day 
journey from Libreville he had kept to himself, evidently distracted by some private matter, and 
only began to talk to his table companion when he learned of Dr. Sanders's post at the Fort Isabelle 
leper hospital. Sanders gathered that he was returning to his parish at Mont Royal after a sabbatical 
month, but there seemed something a little too plausible about this explanation, which he repeated 
several times in the same automatic phrasing, unlike his usual hesitant stutter. However, Sanders 
was well aware of the dangers of imputing his own ambiguous motives for coming to Port Matarre 
to those around him. 


Even so, at first Dr. Sanders had suspected that Father Balthus might not be a priest at all. 
The self-immersed eyes and pale neurasthenic hands bore all the signatures of the impostor, perhaps 
an expelled novice still hoping to find some kind of salvation within a borrowed soutane. However, 
Father Balthus was entirely genuine, whatever that term meant and whatever its limits. The first 
officer, the steward and several of the passengers recognized him, complimented him on his return 
and generally seemed to accept his isolated manner. 


"An eclipse?" Father Balthus flicked his cigarette stub into the dark water below. The 
steamer was now overrunning its own wake, and the veins of foam sank down through the deeps 
like threads of luminous spittle. "I think not, Doctor. Surely the maximum duration would be eight 
minutes?" 


In the sudden flares of light over the water, reflected off the sharp points of his cheeks and 
jaw, a harder profile for a moment showed itself. Conscious of Sanders's critical eye, Father Balthus 
added as an afterthought, to reassure the doctor: "The light at Port Matarre is always like this, very 
heavy and penumbral-- do you know Bécklin's painting, 'Island of the Dead,' where the cypresses 
stand guard above a cliff pierced by a hypogeum, while a storm hovers over the sea? It's in the 
Kunstmuseum in my native Basel--" He broke off as the steamer's engines drummed into life. 
"We're moving. At last.” 


"Thank God for that. You should have warned me, Balthus." 


Dr. Sanders took his cigarette case from his pocket, but the priest had already palmed a fresh 
cigarette into his cupped hand with the deftness of a conjurer. Balthus pointed with it to the jetty, 
where a substantial reception committee of gendarmerie and customs officials was waiting for the 
steamer. "Now, what nonsense is this?" 


Dr. Sanders watched the shore. Whatever Balthus's private difficulties, the priest's lack of 
charity irritated him. Half to himself, Sanders said dryly: "Perhaps there's a question of credentials." 


"Not mine, Doctor." Father Balthus turned a sharp downward glance upon Sanders. "And 
I'm certain your own are in order." 


The other passengers were leaving the rail and going below to collect their baggage. With a 
smile at Balthus, Dr. Sanders excused himself and began to make his way down to his cabin. 
Dismissing the priest from his mind-- within half an hour they would have disappeared their 
separate ways into the forest and whatever awaited them there--Sanders felt in his pocket for his 
passport, reminding himself not to leave it in his cabin. The desire to travel incognito, with all its 
advantages, might well reveal itself in some unexpected way. 


As Dr. Sanders reached the companionway behind the funnelhouse, he could see down into 
the afterdeck, where the steerage passengers were pulling together their bundles and cheap 
suitcases. In the center of the deck, partly swathed in a canvas awning, was a large red-and-yellow- 
hulled speedboat, part of the cargo consignment for Port Matarre. 


Taking his ease on the wide bench seat behind the steering helm, one arm resting on the 
raked glass and chromium windshield, was a small, slimly built man of about forty, wearing a white 


tropical suit that emphasized the rim of dark beard which framed his face. His black hair was 
brushed down over his bony forehead, and with his small eyes gave him a taut and watchful 
appearance. This man, Ventress--his name was about all Dr. Sanders had managed to learn about 
him--was the doctor's cabinmate. During the journey from Libreville he had roamed about the 
steamer like an impatient tiger, arguing with the steerage passengers and crew, his moods switching 
from a kind of ironic humor to sullen disinterest, when he would sit alone in the cabin, gazing out 
through the porthole at the small disc of empty sky. 


Dr. Sanders had made one or two attempts to talk to him, but most of the time Ventress 
ignored him, keeping to himself whatever reasons he had for coming to Port Matarre. However, the 
doctor was well inured by now to being avoided by those around him. Shortly before they 
embarked, a slight contretemps, more embarrassing to his fellow passengers than to himself, had 
arisen over the choice of a cabinmate for Dr. Sanders. His fame having preceded him (what was 
fame to the world at large still remained notoriety on the personal level, Sanders reflected, and no 
doubt the reverse was true), no one could be found to share a cabin with the assistant director of the 
Fort Isabelle leper hospital. 


At this point Ventress had stepped forward. Knocking on Dr. Sanders's door, suitcase in 
hand, he had nodded at the doctor and asked simply: 


"Is it contagious?" 


After a pause to examine this white-suited figure with his bearded skull-like face--something 
about him reminded Sanders that the world was not without those who, for their own reasons, 
wished to _catch_ the disease--Dr. Sanders said: "The disease is contagious, as you ask, yes, but 
years of exposure and contact are necessary for its transmission. The period of incubation may be 
twenty or thirty years." 


"Like death. Good." With a gleam of a smile, Ventress stepped into the cabin. He extended a 
bony hand, and clasped Sanders's firmly, his strong fingers feeling for the doctor's grip. "What our 
timorous fellow passengers fail to realize, Doctor, is that outside your colony there is merely 
another larger one." 


Later, as he looked down at Ventress lounging in the speedboat on the afterdeck, Dr. Sanders 
pondered on this cryptic introduction. The faltering light still hung over the estuary, but Ventress's 
white suit seemed to focus all its intense hidden brilliancy, just as Father Balthus's clerical garb had 
reflected the darker tones. The steerage passengers milled around the speedboat, but Ventress 
appeared to be uninterested in them, or in the approaching jetty with its waiting throng of customs 
and police. Instead, he was looking out across the deserted starboard rail into the mouth of the river, 
and at the distant forest stretching away into the haze. His small eyes were half-closed, as if he were 
deliberately merging the view in front of him with some inner landscape within his mind. 


Sanders had seen little of Ventress during the voyage up-coast, but one evening in the cabin, 
searching through the wrong suitcase in the dark, he had felt the butt of a heavy-caliber automatic 
pistol wrapped in the harness of a shoulder holster. The presence of this weapon had immediately 
resolved some of the enigmas that surrounded Ventress's small brittle figure. 


"Doctor . . ." Ventress called up to him, waving one hand lightly, as if reminding Sanders 
that he was daydreaming. "A drink, Sanders, before the bar closes?" Dr. Sanders began to refuse but 
Ventress had halfturned his shoulder, veering off on another tack. "Look for the sun, Doctor, it's 
there. You can't walk through these forests with your head between your heels." 


"T shan't try to. Are you going ashore?" 


"Of course. There's no hurry here, Doctor. This is a landscape without time." 


Leaving him, Dr. Sanders made his way to the cabin. The three suitcases, Ventress's 
expensive one in polished crocodile skin, and his own scuffed workaday bags, were already packed 
and waiting beside the door. Sanders took off his jacket, and then bathed his hands in the washbasin, 
drying them lightly in the hope that the soap's pungent scent might make him seem less of a pariah 
to the examining officials. 


However, Sanders realized only too well that by now, after fifteen years in Africa, ten of 
them at the Fort Isabelle hospital, any chance he may once have had of altering the outward aspect 
of himself, his image to the world at large, had long since gone. The work-stained cotton suit, 
slightly too small for his broad shoulders, the striped blue shirt and black tie, the strong head with 
its gray uncut hair and trace of beard--all these were the involuntary signatures of the physician to 
the lepers, as unmistakable as Sanders's own scarred but firm mouth and critical eye. 


Opening the passport, Sanders compared the photograph taken eight years earlier with the 
reflection in the mirror. At a glance, the two men seemed barely recognizable--the first, with his 
straight, earnest face, his patent moral commitment to the lepers, all too obviously on top of his 
work at the hospital, looked more like the dedicated younger brother of the other, some remote and 
rather idiosyncratic country doctor. 


Sanders looked down at his faded jacket and calloused hands, knowing how misleading this 
impression was, and how much better he understood, if not his present motives, at least those of his 
younger self, and the real reasons that had sent him to Fort Isabelle. Reminded by the birth date in 
the passport that he had now reached the age of forty, Sanders tried to visualize himself ten years 
ahead, but already the latent elements that had emerged in his face during the previous years seemed 
to have lost momentum. Ventress had referred to the Matarre forests as a landscape without time, 
and perhaps part of its appeal for Sanders was that here at last he might be free from the questions 
of motive and identity that were bound up with his sense of time and the past. 


The steamer was now barely twenty feet from the jetty, and through the porthole Dr. Sanders 
could see the khaki-clad legs of the reception party. From his pocket he took out a well-thumbed 
envelope and drew from it a letter written in pale-blue ink that had almost penetrated the soft tissue. 
Both envelope and letter were franked with a censor's stamp, and panels which Sanders assumed 
contained the address had been Cut out. 


As the steamer bumped against the jetty, Dr. Sanders read through the letter for the last time 
on board. 


Thursday, January 5th 
My dear Edward, 


At last we are here. The forest is the most beautiful in Africa, a house of jewels. I can barely 
find words to describe our wonder each morning as we look out across the slopes, still half-hidden 
by the mist but glistening like St. Sophia, each bough a jeweled semi-dome. Indeed, Max says I am 
becoming excessively Byzantine--I wear my hair to my waist even at the clinic, and affect a 
melancholy expression, although in fact for the first time in many years my heart sings! Both of us 
wish you were here. The clinic is small, with about twenty patients. Fortunately the people of these 
forest slopes move through life with a kind of dreamlike patience, and regard our work for them as 
more social than therapeutic. They walk through the dark forest with crowns of light on their heads. 


Max sends his best wishes to you, as I do. We remember you often. 
The light touches everything with diamonds and sapphires. 
My love, 


Suzanne 


As the metal heels of the boarding party rang out across the deck over his head, Dr. Sanders 
read again the last line of the letter. But for the unofficial but firm assurances he had been given by 
the prefecture in Libreville, he would not have believed that Suzanne Clair and her husband had 
come to Port Matarre, so unlike the somber light of the river and jungle were her descriptions of the 
forest near the clinic. Their exact whereabouts no one had been able to tell him, or for that matter 
why a sudden censorship should have been imposed on mail leaving the province. When Sanders 
became too persistent, he was reminded that the correspondence of people under a criminal charge 
was liable to censorship, but as far as Suzanne and Max Clair were concerned, the suggestion was 
grotesque. 


Thinking of the small, intelligent microbiologist and his wife, tall and dark-haired, with her 
high forehead and calm eyes, Dr. Sanders remembered their sudden departure from Fort Isabelle 
three months earlier. Sanders's affair with Suzanne had lasted for two years, kept going only by his 
inability to resolve it in any way. His failure to commit himself fully to her made it plain that she 
had become the focus of all his uncertainties at Fort Isabelle. For some time he had suspected that 
his reasons for serving at the leper hospital were not altogether humanitarian, and that he might be 
more attracted by the idea of leprosy, and whatever it unconsciously represented, than he imagined. 
Suzanne's somber beauty had become identified in his mind with this dark side of the psyche, and 
their affair was an attempt to come to terms with himself and his own ambiguous motives. 


On second thought, Sanders recognized that a far more sinister explanation for their 
departure from the hospital was at hand. When Suzanne's letter arrived with its strange and ecstatic 
vision of the forest--in maculoanesthetic leprosy there was an involvement of nervous tissue--he 
had decided to follow them. Forgoing his inquiries about the censored letter, in order not to warn 
Suzanne of his arrival, he took a month's leave from the hospital and set off for Port Matarre. 


From Suzanne's description of the forest slopes he guessed the clinic to be somewhere near 
Mont Royal, possibly attached to one of the French-owned mining settlements, with their 
overzealous security men. However, the activity on the jetty outside--there were half a dozen 
soldiers moving about near a parked staff car-- indicated that something more was afoot. 


As he began to fold Suzanne's letter, smoothing the petal-like tissue, the cabin door opened 
sharply, jarring his elbow. With an apology Ventress stepped in, nodding to Sanders. 


"I beg your pardon, Doctor. My bag." He added: "The customs people are here." 


Annoyed to be caught reading the letter again by Ventress, Dr. Sanders stuffed envelope and 
letter into his pocket. For once Ventress appeared not to notice this. His hand rested on the handle of 
his suitcase, one ear cocked to listen to the sounds from the deck above. No doubt he was 
wondering what to do with the pistol. A thorough baggage search was the last thing any of them had 
expected. 


Deciding to leave Ventress alone so that he could slip the weapon through the porthole, Dr. 
Sanders picked up his two suitcases. 


"Well, goodbye, Doctor." Ventress was smiling, his face even more skull-like behind the 
beard. He held the door open. "It's been very interesting, a great pleasure to share a cabin with you." 


Dr. Sanders nodded. "And perhaps something of a challenge too, M. Ventress? I hope all your 
victories come as easily." 


"Touché, Doctor!" Ventress saluted him, then waved as Sanders made his way down the 
corridor. "But I gladly leave you with the last laugh--the old man with the scythe, eh?" 


Without looking back, Dr. Sanders climbed the companionway to the saloon, aware of 
Ventress watching him from the door of the cabin. The other passengers were sitting in the chairs by 
the bar, Father Balthus among them, as a prolonged harangue took place between the first officer, 
two customs officials and a police sergeant. They were consulting the passenger list, scrutinizing 
everyone in turn as if searching for some missing passenger. 


As Dr. Sanders lowered his two bags to the floor he caught the phrase: "No journalists 
allowed . . ." and then one of the customs men beckoned him over. 


"Dr. Sanders?" he asked, putting a particular emphasis into the name as if he half hoped it 
might be an alias. "From Libreville University . . .?" He lowered his voice. "The Physics 
Department . . .? May I see your papers?" 


Dr. Sanders pulled out his passport. A few feet to his left, Father Balthus was watching him 
with a sharp eye. "My name is Sanders, of the Fort Isabelle _léproserie_." 


After apologizing for their mistake, the customs men glanced at each other and then cleared 
Dr. Sanders, chalking up his suitcases without bothering to open them. A few moments later he 
walked down the gangway. On the jetty the native soldiers lounged around the staff car. The rear 
seat remained vacant, presumably for the missing physicist from Libreville University. 


As he handed his suitcases to a porter with _Hotel d'Europe_ stenciled across his peaked 
cap, Dr. Sanders noticed that a far more thorough inspection was being made of the baggage of 
those leaving Port Matarre. A group of thirty to forty steerage passengers was herded together at the 
far end of the jetty, and the police and customs men were searching them one by one. Most of the 
natives carried bedrolls with them, and the police were unwinding these and squeezing the padding. 


By contrast with this activity, the town was nearly deserted. The arcades on either side of the 
main street were empty, and the windows of the Hotel d'Europe hung listlessly in the dark air, the 
narrow shutters like coffin lids. Here, in the center of the town, the faded white facades made the 
somber light of the jungle seem even more pervasive. Looking back at the river as it turned like an 
immense snake into the forest, Dr. Sanders felt that it had sucked away all but a bare residue of life. 


As he followed the porter up the steps into the hotel, he saw the black-robed figure of Father 
Balthus farther down the arcade. The priest was walking swiftly, his small traveling bag held in one 
hand. He turned between two columns, then crossed the road and disappeared among the shadows 
in the arcade facing the hotel. At intervals Sanders saw him again, his dark figure lit by the sunlight, 
the white columns of the arcade framing him like the shutter of a defective stroboscopic device. 
Then, for no apparent reason, he crossed the Street again, the skirt of his black robe whipping the 
dust around his heels. His high face passed Sanders without turning, like the pale, half-remembered 
profile of someone glimpsed in a nightmare. 


Sanders pointed after him. "Where's he off to?" he asked the porter: "The priest--he was on 
the steamer with me." 


"To the seminary. The Jesuits are still there." 
"Still? --what do you mean?" 


Sanders moved toward the swinging doors, but at that moment a dark-haired young 
Frenchwoman stepped out. As her face was reflected in the moving panes, Sanders had a sudden 
glimpse of Suzanne Clair. Although the young woman was in her early twenties, at least ten years 
younger than Suzanne, she had the same wide hips and sauntering stride, the same observant gray 
eyes. As she passed Sanders, she murmured, "Pardon . . ." Then, returning his stare with a faint 


smile, she set off in the direction of an army lorry that was reversing down a side road. Sanders 
watched her go. Her trim white suit and metropolitan chic seemed out of place in the dingy light of 
Port Matarre. 


"What's going on here?" Sanders said. "Have they found a new diamond field?" 


The explanation seemed to make sense of the censorship and the customs search, but 
something about the porter's studied shrug made him doubt it. Besides, the references in Suzanne's 
letter to diamonds and sapphires would have been construed by the censor as an open invitation to 
join in the harvest. 


The clerk at the reception desk was equally evasive. To Sanders's annoyance, the clerk 
insisted on showing him the weekly tariff, despite his assurances that he would be setting off for 
Mont Royal the following day. 


"Doctor, you understand there is no boat, the service has been suspended. It will be cheaper 
for you if I charge you by the weekly tariff. But as you wish." 


"All right." Dr. Sanders signed the register. As a precaution he gave as his address the 
university at Libreville. He had lectured several times at the medical school, and mail would be 
forwarded from there to Fort Isabelle. The deception might be useful at a later date. 


"What about the railway?" he asked the clerk. "Or the bus service? There must be some 
transport to Mont Royal." 


"There's no railway." The clerk snapped his fingers. "Diamonds, you know, Doctor, not 
difficult to transport. Perhaps you can make inquiries about the bus." 


Dr. Sanders studied the man's thin, olive-skinned face. His liquid eyes roved around the 
doctor's suitcases and then out through the arcade to the forest canopy overtopping the roofs across 
the street. He seemed to be waiting for something to appear. 


Dr. Sanders put away his pen. "Tell me, why is it so dark in Port Matarre? It's not overcast, 
and yet one can hardly see the sun." 


The clerk shook his head. When he spoke, he seemed to be talking more to himself than to 
Sanders. "It's not dark, Doctor, it's the leaves. They're taking minerals from the ground, it makes 
everything look dark all the time." 


This notion seemed to contain an element of truth. From the windows of his room 
overlooking the arcades, Dr. Sanders gazed out at the forest. The huge trees surrounded the port as 
if trying to crowd it back into the river. In the street the shadows were of the usual density, 
following at the heels of the few people who ventured out through the arcades, but the forest was 
without contrast of any kind. The leaves exposed to the sunlight were as dark as those below, almost 
as if the entire forest were draining all light from the sun in the same way that the river had emptied 
the town of its life and movement. The blackness of the canopy, the olive hues of the flat leaves, 
gave the forest a somber heaviness emphasized by the motes of light that flickered within its aerial 
galleries. 


Preoccupied, Dr. Sanders almost failed to hear the knock on his door. He opened it to find 
Ventress standing in the corridor. His white-suited figure and sharp skull seemed to personify the 
bonelike colors of the deserted town. 


"What is it?" 
Ventress stepped forward. He held an envelope in his hand. "I found this in the cabin after 
you had gone, Doctor. I thought I should return it to you." 


Dr. Sanders took the envelope, feeling in his pocket for Suzanne's letter. In his hurry he had 
evidently let it slip to the floor. He pushed the letter into the envelope, beckoning Ventress into the 
room. "Thank you, I didn't realize. ..." 


Ventress glanced around the room. Since disembarking from the steamer he had changed 
noticeably. The laconic and offhand manner had given way to a marked restlessness. His compact 
figure, held together as if all the muscles were opposing each other, contained an intense nervous 
energy that Sanders found almost uncomfortable. His eyes roved about, searching the shabby 
alcoves for some hidden perspective. 


"May I take something in return, Doctor?" Before Sanders could answer, Ventress had 
stepped over to the larger of the two suitcases on the slatted stand beside the wardrobe. With a brief 
nod, he released the catches and raised the lid. From beneath the folded dressing gown, he withdrew 
his automatic pistol wrapped in its shoulder holster harness. Before Dr. Sanders could protest, he 
had slipped it away inside his jacket. 


"What the devil--?" Dr. Sanders crossed the room. He pulled the lid of the suitcase into 
place. "You've got a bloody nerve . . .!" 


Ventress gave him a weak smile, then started to walk past Sanders to the door. Annoyed, 
Sanders caught his arm and pulled the man almost off his feet. Ventress's face shut like a trap. With 
an agile swerve he feinted sideways on his small feet and wrenched himself away from Sanders. 


As Sanders came forward again, Ventress seemed to debate whether to use his pistol and 
then raised a hand to pacify the doctor. "Sanders, I apologize, of course. But there was no other way. 
Try to understand me, it was those idiots on board I was taking advantage of--" 


"Rubbish! You were taking advantage of _me!_" 


Ventress shook his head vigorously. "You're wrong, Sanders. I assure you, I have no 
prejudice against your particular calling . . . far from it. Believe me, Doctor, I understand you, your 
whole--" 


"All right!" Sanders pulled back the door. "Now get out!" 


Ventress, however, stood his ground. He seemed to be trying to bring himself to say 
something, as if aware that he had exposed some private weakness of Sanders's and was doing his 
best to repair it. Then he gave a small shrug and left the room, bored by the doctor's irritation. 


After he had gone Dr. Sanders sat down in the armchair with his back to the window. 
Ventress's ruse had annoyed him, not merely because of the assumption that the customs men would 
avoid contaminating themselves by touching his baggage. The smuggling of the pistol unknown to 
himself seemed to symbolize, in sexual terms as well, all his hidden motives for coming to Port 
Matarre in quest of Suzanne Clair. That Ventress, with his skeletal face and white suit, should have 
exposed his awareness of these still concealed motives was all the more irritating. 


He ate an early lunch in the hotel restaurant. The tables were almost deserted, and the only 
other guest was the dark-haired young Frenchwoman who sat by herself, writing into a dictation pad 
beside her salad. Now and then she glanced at Sanders, who was struck once again by her marked 
resemblance to Suzanne Clair. Perhaps because of her raven hair, or the unusual light in Port 
Matarre, her smooth face seemed paler in tone than Sanders remembered Suzanne's, as if the two 
women were cousins separated by some darker blood on Suzanne's side. As he looked at the girl he 
could almost see Suzanne beside her, reflected within some half-screened mirror in his mind. 


When she left the table she nodded to Sanders, picked up her pad and went out into the 
street, pausing in the lobby on the way. 


After lunch, Sanders began his search for some form of transport to take him to Mont Royal. 
As the desk clerk has stated, there was no railway to the mining town. A bus service ran twice daily, 
but for some reason had been discontinued. At the depot, near the barracks on the eastern outskirts 
of the town, Dr. Sanders found the booking office closed. The timetables peeled off the notice 
boards in the sunlight, and a few natives slept on the benches in the shade. After ten minutes a ticket 
collector wandered in with a broom, sucking on a piece of sugar cane. He shrugged when Dr. 


Sanders asked him when the service would be resumed. 
"Perhaps tomorrow, or the next day, sir. Who can tell? The bridge is down." 
"Where's this?” 


"Where? Myanga, ten kilometers from Mont Royal. Steep ravine, the bridge just slid away. 
Risky there, sir." 


Dr. Sanders pointed to the compound of the military barracks, where half a dozen trucks 
were being loaded with supplies. Bales of barbed wire were stacked on the ground to one side, next 
to some sections of metal fencing. "They seem busy enough. How are they going to get through?" 


"They, sir, are repairing the bridge.” 


"With barbed wire?" Dr. Sanders shook his head, tired of this evasiveness. "What exactly is 
going on up there? At Mont Royal?" 


The ticket collecter sucked his sugar cane. "Going on?" he repeated dreamily. "Nothing's 
going on, sir." 


Dr. Sanders strolled away, pausing by the barrack gates until the sentry gestured him on. 
Across the road the dark tiers of the forest canopy rose high into the air like an immense wave ready 
to fall across the empty town. Well over a hundred feet above his head, the great boughs hung like 
half-furled wings, the trunks leaning toward him. Dr. Sanders was tempted to cross the road and 
approach the forest, but there was something minatory and oppressive about its silence. He turned 
and made his way back to the hotel. 


An hour later, after several fruitless inquiries, he called at the police prefecture near the 
harbor. The activity by the steamer had subsided, and most of the passengers were aboard. The 
speedboat was being swung out on a davit over the jetty. 


Coming straight to the point, Dr. Sanders showed Suzanne's letter to the African charge 
captain. "Perhaps you could explain, Captain, why it was necessary to delete their address? These 
are close friends of mine and I wish to spend a fortnight's holiday with them. Now I find that there's 
no means of getting to Mont Royal, and an atmosphere of mystery surrounds the whole place." 


The captain nodded, pondering over the letter on his desk. Occasionally he prodded the 
tissue with a steel ruler, as if he were examining the pressed petals of some rare and perhaps 
poisonous blossom. "I understand, Doctor. It's difficult for you." 


"But why is the censorship in force at all?" Dr. Sanders pressed. "Is there some sort of 
political disturbance? Has a rebel group captured the mines? I'm naturally concerned for the well- 
being of Dr. and Madame Clair." 


The captain shook his head. "I assure you, Doctor, there is no political trouble at Mont 
Royal--in fact, there is hardly anyone there at all. Most of the workers have left." 


"Why? I've noticed that here. The town's empty." 


The captain stood up and went over to the window. He pointed to the dark fringe of the 
jungle crowding over the rooftops of the native quarter beyond the warehouses. "The forest, Doctor, 
do you see? It frightens them, it's so black and heavy all the time." He went back to his desk and 
fiddled with the ruler. Sanders waited for him to make up his mind what to say. "In confidence, I 
can explain that there is a new kind of plant disease beginning in the forest near Mont Royal--" 


"What do you mean?" Sanders cut in. "A virus disease, like tobacco mosaic?" 


"Yes, that's it--" The captain nodded encouragingly, although he seemed to have little idea of 
what he was talking about. However, he kept a quiet eye on the rim of jungle in the window. 
"Anyway, it's not poisonous, but we have to take precautions. Some experts will look at the forest, 
send samples to Libreville--you understand, it takes time--" He handed back Suzanne's letter. "I will 


find out your friends’ address. You come back in another day. All right?" 


"Will I be able to go to Mont Royal?" Dr. Sanders asked. "The army hasn't closed off the 
area?" 


"No--" the captain insisted. "You are quite free." He gestured with his hands, enclosing little 
parcels of air. "Just small areas, you see. It's not _dangerous_, your friends are all right. We don't 
want people rushing there, trying to make trouble." 


At the door, Dr. Sanders asked: "How long has this been going on?" He pointed to the 
window. "The forest is very dark here." 


The captain scratched his forehead. For a moment he looked tired and withdrawn. "About 
one year. Longer, perhaps. At first no one bothered . . ." 


2 The jeweled orchid 


On the steps outside, Dr. Sanders saw the young Frenchwoman who had taken lunch at the 
hotel. She carried a businesslike handbag and wore a pair of dark glasses that failed to disguise the 
inquisitive look in her intelligent face. She watched Dr. Sanders as he walked past her. 


"Any news?" 

Sanders stopped. "What about?" 

"The emergency." 

"Is that what they call it? You're luckier than I. I haven't heard that term." 


The young woman brushed this aside. She eyed Sanders up and down, as if unsure who he 
might be. "You can call it what you like," she said matter-offactly. "If it isn't an emergency now, it 
soon will be." She came over to Sanders, lowering her voice. "Do you want to go to Mont Royal, 
Doctor?" 


Sanders began to walk off, the young woman following him. "Are you a police spy?" he 
asked. "Or running an underground bus service? Or both, perhaps?" 


"Neither. Listen." She stopped him when they had crossed the road to the first of the curio 
shops that ran down to the jetties between the warehouses. She took off her sunglasses and gave 
him a frank smile. "I'm sorry to pry--the clerk at the hotel told me who you were--but I'm stuck here 
myself and I thought you might know something. I've been in Port Matarre since the last boat." 


"IT can believe it." Dr. Sanders strolled on, eyeing the stands with their cheap ivory 
ornaments, small statuettes in an imitation Oceanic style the native carvers had somehow picked up 
at many removes from European magazines. "Port Matarre has more than a passing resemblance to 
purgatory." 

"Tell me, are you on official business?" The young woman touched his arm. She had 
replaced her sunglasses, as if this gave her some sort of advantage in her interrogation. "You gave 
your address as the university at Libreville. In the hotel register." 


"The medical school," Dr. Sanders said. "To put your curiosity at rest, if that's possible, I'm 
simply here on holiday. What about you?" 


In a quieter voice, after a confirmatory glance at Sanders, she said: "I'm a journalist. I work 


free-lance for a bureau that sells material to the French illustrated weeklies." 


"A journalist?" Dr. Sanders looked at her with more interest. During their brief conversation 
he had avoided looking at her, put off partly by her sunglasses, which seemed to emphasize the 
strange contrasts of light and dark in Port Matarre, and partly by her echoes of Suzanne Clair. "I 
didn't realize . . . I'm sorry I was offhand, but I've been getting nowhere today. Can you tell me 
about this emergency--I'll accept your term for it." 


The young woman pointed to a bar at the next corner. "We'll go there, it's quieter--I've been 
making a nuisance of myself all week with the police." 


As they settled themselves in a booth by the window, she introduced herself as Louise Peret. 
Although prepared to accept Dr. Sanders as a fellow conspirator, she still wore her sunglasses, 
screening off some inner sanctum of herself. Her masked face and cool manner seemed to Sanders 
as typical in their way of Port Matarre as Ventress's strange garb, but already he sensed from the 
slight movement of her hands across the table toward him that she was searching for some point of 
contact. 


"They're expecting a physicist from the university," she said. "A Dr. Tatlin, I think, though 
it's difficult to check from here. To begin with, I thought you might be Tatlin." 


"A physicist--? That doesn't make sense. According to the police captain, these affected 
areas of the forest are suffering from a new virus disease. Have you been trying to get to Mont 
Royal all week?" 


"Not exactly. I came here with another man from the bureau, an American called Anderson. 
When we left the boat he went off to Mont Royal in a hired car to take photographs. I was to wait 
here so I could get a story out quickly." 


"Did he see anything?" 


"Well, four days ago I spoke to him on the telephone, but the line was bad, I could hardly 
hear a thing. All he said was something about the forest being full of jewels, but it was meant as a 
joke, you know--" She gestured in the air. 


"A figure of speech?" 


"Exactly. If he had seen a new diamond field, he would have said so definitely. Anyway, the 
next day the telephone line was broken, and they're still trying to repair it--even the police can't get 
through." 


Dr. Sanders ordered two brandies. Accepting a cigarette from Louise, he looked out through 
the window at the jetties along the river. The last of the cargo was being loaded aboard the steamer, 
and the passengers stood at the rail or sat passively on their luggage, looking down at the deck. 


"It's difficult to know how seriously to take this," Sanders said. "Obviously something is 
going on, but it could be anything under the sun." 


"Then what about the police and the army convoys? And the customs men out there this 
morning?" 


Dr. Sanders shrugged. "Officialdom--if the telephone lines are down they probably know as 
little as we do. What I can't understand is why you and this American came here in the first place. 
By all accounts Mont Royal is even more dead than Port Matarre." 


"Anderson had a tip that there was some kind of trouble near the mines--he wouldn't tell me 
what, it was really his story, you see--but we knew the army had sent in reserves. Tell me, Doctor, 
are you still going to Mont Royal? To your friends?" 


"If I can. There must be some way. After all, it's only fifty miles, at a pinch one could walk 
it.” 


Louise laughed. "Not me." Just then a black-garbed figure strode past the window, heading 
off toward the market. "Father Balthus," Louise said. "His mission is near Mont Royal--I checked 
up on him too. There's a traveling companion for you." 


"T doubt it." Dr. Sanders watched the priest walk briskly away from them, his thin face lifted 
as he crossed the road. His head and shoulders were held stiffly, but behind him his hands moved 
and twisted with a life of their own. "Father Balthus is not one to make a penitential progress--I 
think he has other problems on his mind." Dr. Sanders stood up, finishing his brandy. "However, it's 
a point. I think I'll have a word with the good Father. I'll see you back at the hotel--perhaps we can 
have dinner together?" 


"Of course." She waved to him as he went out and then sat back against the window, her 
face motionless and without expression. 


A hundred yards away, Dr. Sanders caught sight of the priest. Balthus had reached the 
outskirts of the native market and was moving among the first of the stalls, turning from left to right 
as if looking for someone. Dr. Sanders followed at a distance. The market was almost empty and he 
decided to keep the priest under observation for a few minutes before approaching him. Now and 
then, when Father Balthus glanced about, Sanders saw his lean face, the thin nose raised critically 
as he peered above the heads of the native women. 


Dr. Sanders glanced down at the stalls, pausing to examine the carved statuettes and curios. 
The small local industry had made full use of the waste products of the mines at Mont Royal, and 
many of the teak and ivory carvings were decorated with fragments of calcite and fluorspar picked 
from the refuse heaps, ingeniously worked into the statuettes to form miniature crowns and 
necklaces. Many of the carvings were made from lumps of impure jade and amber, and the 
sculptors had abandoned all pretense to Christian imagery and produced squatting idols with 
pendulous abdomens and grimacing faces. 


Still keeping Father Balthus under scrutiny, Dr. Sanders examined a large statuette of a 
native deity in which two crystals of calcium fluoride formed the eyes, the mineral phosphorescing 
in the sunlight. Nodding to the stall holder, he complimented her on the piece. Making the most of 
her opportunity, she gave him a wide smile and then drew back a strip of faded calico that covered 
the rear of the stall. 


"My, that is a beauty!" Dr. Sanders reached forward to take the ornament she had exposed, 
but the woman held back his hands. Glittering below her in the sunlight was what appeared to be an 
immense crystalline orchid carved from some quartzlike mineral. The entire structure of the flower 
had been reproduced and then embedded within the crystal base, almost as if a living specimen had 
been conjured into the center of a huge cut-glass pendant. The internal faces of the quartz had been 
cut with remarkable skill, so that a dozen images of the orchid were refracted, one upon the other, as 
if seen through a maze of prisms. As Dr. Sanders moved his head, a continuous font of light poured 
from the jewel. 


Dr. Sanders reached into his pocket for his wallet, and the woman smiled again and drew the 
cover back to expose several more of the ornaments. Next to the orchid was a spray of leaves 
attached to a twig, carved from a translucent jadeike stone. Each of the leaves had been reproduced 
with exquisite craftsmanship, the veins forming a pale lattice beneath the crystal. The spray of 
seven leaves, faithfully rendered down to the axillary buds and the faint warping of the twig, 
seemed characteristic more of some medieval Japanese jeweler's art than of the crude massive 
sculpture of Africa. 


Next to the spray was an even more bizarre piece, a carved tree fungus that resembled a 
huge jeweled sponge. Both this and the spray of leaves shone with a dozen images of themselves 


refracted through the faces of the surrounding mount. Bending forward, Dr. Sanders placed himself 
between the ornaments and the sun, but the light within them sparkled as if coming from some 
interior source. 


Before he could open his wallet there was a shout in the distance. A disturbance had broken 
Out near one of the stalls. The stall holders ran about in all directions, and a woman's voice cried 
out. In the center of this scene stood Father Balthus, arms raised above his head as he held 
something in his hands, black robes lifted like the wings of a revenging bird. 


"Wait for me!" Sanders called over his shoulder to the stall owner, but she had covered up 
her display, sliding the tray out of sight among the stacks of palm leaves and baskets of cocoa meal 
at the back of the stall. 


Leaving her, Dr. Sanders ran through the crowd toward Father Balthus. The priest now stood 
alone, surrounded by a circle of onlookers, holding in his upraised hands a large native carving of a 
crucifix. Brandishing it like a sword over his head, he waved it from left to right as if semaphoring 
to some distant peak. Every few seconds he stopped and lowered the carving to inspect it, his thin 
face tense and perspiring. 


The statuette, a cruder cousin of the jeweled orchid Dr. Sanders had seen, was carved from a 
pale-yellow gem-stone similar to chrysolite, the outstretched figure of the Christ embedded in a 
sheath of prismlike quartz. As the priest waved the statuette in the air, shaking it in a paroxysm of 
anger, the crystals seemed to deliquesce, the light pouring from them as from a burning taper. 


"Balthus--!" 


Dr. Sanders pushed through the crowd watching the priest. The faces were half averted, 
keeping an eye open for the police, as if the people were aware of their own complicity in whatever 
act of _lése-majesté_ Father Balthus was now punishing. The priest ignored them and continued to 
shake the carving, then lowered it from the air and felt the crystalline surface. 


"Balthus, what on earth--?" Sanders began, but the priest shouldered him aside. Whirling the 
crucifix like a propeller, he watched its light flashing away, intent only on exorcising whatever 
powers it held for him. 


There was a shout from one of the stall holders, and Dr. Sanders saw a native police sergeant 
approaching cautiously in the distance. Immediately the crowd began to scatter. Panting from his 
efforts, Father Balthus let one end of the crucifix fall to the ground. Still holding it like a blunted 
sword, he looked down at its dull surface. The crystalline sheath had vanished into the air. 


"Obscene, obscene--!" he muttered to Dr. Sanders, as the latter took his arm and propelled 
him through the stalls. Sanders paused to toss the carving onto the blue sheet covering the owner's 
stall. The shaft, fashioned from some kind of polished wood, felt like a stick of ice. He pulled a 
five-franc note from his wallet and stuffed it into the stall owner's hands, then pushed Father 
Balthus in front of him. The priest was staring up at the sky and at the distant forest beyond the 
market. Deep within the great boughs the leaves flickered with the same hard light that had flared 
from the cross. 


"Balthus, can't you see--?" Sanders took the priest's hand in a firm grip when they reached 
the wharf. The pale hand was as cold as the crucifix. "It was meant as a compliment. There was 
nothing obscene there--you've seen a thousand jeweled crosses." 


The priest at last seemed to recognize him. His narrow face stared sharply at the doctor. He 
pulled his hand away. "You obviously don't understand, Doctor! That cross was not _jeweled!_" 


Dr. Sanders watched him stride off, head and shoulders held stiffly with a fierce self- 
sufficient pride, the slim hands behind his back twisting and fretting like nervous serpents. 


Later that day, as he and Louise Peret had dinner together in the deserted hotel, Dr. Sanders 
said: "I don't know what the good Father's motives are, but I'm certain his bishop wouldn't approve 
of them." 


"You think he may have--changed sides?" Louise asked. 


Laughing at this, Sanders replied: "That may be putting it too strongly, but I suspect that, 
professionally speaking, he was trying to confirm his doubts rather than allay them. That cross in 
the market drove him into a frenzy--he was literally trying to shake it to death." 


"But why? I've seen those native carvings, they're beautiful but just ordinary pieces of 
jewelry." 


"No, Louise. That's the point. As Balthus knew, they're not ordinary by any means. There's 
something about the light they give out--I didn't get a chance to examine one closely--but it seems 
to come from inside them, not from the sun. A hard, intense light, you can see it all over Port 
Matarre." 


"I know." Louise's hand strayed to the sunglasses that lay beside her plate, safely within 
reach like some potent talisman. At intervals she automatically opened and closed them. "When you 
first arrive here everything seems dark, but then you look at the forest and see the stars burning in 
the leaves." She tapped the glasses. "That's why I wear these, Doctor." 


"Is it?" Sanders picked up the glasses and held them in the air. One of the largest pairs he 
had seen, their frames were almost three inches deep. "Where did you get them? They're huge, 
Louise, they divide your face into two halves." 


Louise shrugged. She lit a cigarette with a nervous flourish. "It's March 21, Doctor, the day 
of the equinox." 


"The equinox? Yes, of course--when the sun crosses the equator, and day and night are the 
same length--" Sanders pondered this. These divisions into dark and light seemed everywhere 
around them in Port Matarre, in the contrasts between Ventress's white suit and Balthus's dark 
soutane, in the white arcades with their shadowed in-fills, and even in his thoughts of Suzanne 
Clair, the somber twin of the young woman watching him across the table with her frank eyes. 


"At least you can choose, Doctor, that's one thing. Nothing is blurred or gray now." She 
leaned forward. "Why did you come to Port Matarre? These friends, are you really looking for 
them?" 


Sanders turned away from her level gaze. "It's too difficult to explain, I--" He debated 
whether to confide in her, and then with an effort pulled himself together. Sitting up, he touched her 
hand. "Look, tomorrow we must try to hire a car or a boat. If we share expenses it will give us 
longer in Mont Royal." 


"T'll gladly come with you. But do you think it's safe?" 


"For the time being. Whatever the police think, I'm sure it's not a virus growth." He felt the 
emerald in the gilt ring on Louise's finger, and added: "In a small way I'm something of an expert in 
these matters." 


Without moving her hand from his touch, Louise said quietly: "I'm sure you are, Doctor. I 
spoke briefly this afternoon to the steward on the steamer." She added: "My aunt's cook is now a 
patient at your _léproserie_." 


Sanders hesitated. "Louise, it's not my _léproserie_. Don't think I'm committed to it. As you 
say, perhaps we have a firm choice now." 


They had finished their coffee. Sanders stood up and took Louise's arm. Perhaps because of 
her resemblance to Suzanne, he seemed to understand her movements as her hips and shoulders 
touching his own, as if familiar intimacies were already beginning to repeat themselves. Louise 


avoided his eyes, but her body remained close to him as they moved between the tables. 


They walked out into the empty lobby. The desk clerk sat asleep with his head leaning 
against the small switchboard. To their left the brass rails of the staircase shone in the damp light, 
the limp fronds of the potted palms trailing onto the worn marble steps. Still holding Louise's arm, 
and feeling her fingers take his hand, Sanders glanced out through the entrance. In the shadows of 
the arcade he caught a glimpse of the shoes and trousers of a man leaning against a column. 


"It's too late to go out," Louise said. 


Sanders looked down at her, aware that for once all the inertia of sexual conventions, and his 
own reluctance to involve himself intimately with others, had slipped away. In addition he felt that 
the past day at Port Matarre, the ambivalent atmosphere of the deserted town, in some way placed 
them at a pivotal point below the dark and white shadows of the equinox. At these moments of 
balance any act was possible. 


As they reached his door Louise drew her hand away and stepped forward into the darkened 
room. Sanders followed her and closed the door. Louise turned toward him, the pale light from the 
neon sign below illuminating one side of her face and mouth. Knocking her glasses to the floor as 
their hands brushed, Sanders held her in his arms, freeing himself for the moment from Suzanne 
Clair and the dark image of her face that floated like a dim lantern before his eyes. 


Shortly after midnight, as Sanders lay asleep across the pillow on his bed, he woke to feel 
Louise touch his shoulder. 


"Louise--?" He reached up and put his arm around her waist, but she disengaged his hand. 
"What is it--?" 


"The window. Go to the window and look up to the southeast." 


"What--?" Sanders gazed at her serious face, beckoning him across the room in the 
moonlight. "Of course, Louise--" 


She waited by the bed as he crossed the faded carpet and unlatched the mosquito doors. 
Peering upward, he stared into the star-filled sky. In front of him, at an elevation of forty-five 
degrees, he picked out the constellations Taurus and Orion. Passing them was a star of immense 
magnitude, a huge corona of light borne in front of it and eclipsing the smaller stars in its path. At 
first Sanders failed to recognize this as the Echo satellite. Its luminosity had increased by at least 
tenfold, transforming the thin pinpoint of light that had burrowed across the night sky for so many 
faithful years into a brilliant luminary outshone only by the moon. All over Africa, from the 
Liberian coast to the shores of the Red Sea, it would now be visible, a vast aerial lantern fired by the 
same light he had seen in the jeweled flowers that afternoon. 


Thinking lamely that perhaps the balloon might be breaking up, forming a cloud of 
aluminum like a gigantic mirror, Dr. Sanders watched the satellite setting in the southeast. As it 
faded, the dark canopy of the jungle flickered with a million points of light. Beside him Louise's 
white body glittered in a sheath of diamonds, the black surface of the river below spangled like the 
back of a sleeping snake. 


3 Miulatto on the catwalks 


In the darkness the worn columns of the arcade receded toward the eastern fringes of the 
town like pale ghosts, overtopped by the silent canopy of the forest. Sanders stopped outside the 
entrance of the hotel, and let the night air play on his creased suit. The faint odor of Louise's scent 
still clung to his face and hands. He stepped out into the road and looked up at his window. 
Unsettled by the image of the satellite, which had crossed the night sky like a warning beacon, 
Sanders had left the narrow, high-ceilinged hotel room and decided to go out for a walk. As he set 
off along the arcade toward the river, now and then passing the huddled form of a native asleep 
inside a roll of corrugated paper, he thought of Louise, with her quick smile and nervous hands, and 
her obsessional sunglasses. For the first time he felt convinced of the complete reality of Port 
Matarre. Already his memories of the _léproserie_ and Suzanne Clair had faded. In some ways his 
journey to Mont Royal had lost its point. If anything, it would have made more sense to take Louise 
back to Fort Isabelle and try to work out his life afresh there in terms of her rather than Suzanne. 


Yet the need to find Suzanne Clair, whose distant presence, like a baleful planet, hung over 
the jungle toward Mont Royal, still remained. For Louise, too, he sensed that there were other 
preoccupations. She had told him something of her unsettled background, a childhood in one of the 
French communities in the Congo, and later of some kind of humiliation during the revolt against 
the central government after independence, when she and several other journalists had been caught 
in the rebel province of Katanga by mutinous _gendarmerie_. For Louise, as well as for himself, 
Port Matarre with its empty light was a neutral point, a dead zone on the African equator to which 
they had both been drawn. However, nothing achieved there, between themselves or anyone else, 
would necessarily have any lasting value. 


At the end of the street, opposite the lights of the halfempty police prefecture, Sanders 
turned right along the river and walked toward the native market. The steamer had sailed for 
Libreville, and the main wharves were deserted, the gray hulls of four landing craft tied together in 
pairs. Below the market was the native harbor, a maze of small piers and catwalks. This water-borne 
shanty town of some two hundred boats and rafts was occupied at night by the stall holders in the 
market. A few fires burned from the tin stoves in the steering wells, lighting up the sleeping cubicles 
beneath the curved rattan roofs. One or two men sat on the catwalks above the boats, and a small 
group were playing dice at the end of the first pier, but otherwise the floating cantonment was silent, 
its cargo of jewelry eclipsed by the night. 


The bar which Louise and he had visited the previous afternoon was still open. In the 
alleyway opposite the entrance two African youths in blue denims were lounging around an 
abandoned motorcar, one of them sitting on the hood against the windscreen. As Sanders entered the 
bar they watched him with studied casualness. 


The bar was almost empty. At the far end a European plantation manager and his African 
foreman were talking to two of the local half-caste traders. Sanders carried his whisky to a booth by 
the window, and looked out across the river, calculating when the satellite would make a second 
traverse. 


He was thinking again of the jeweled leaves he had seen in the market that afternoon, when 
someone touched his shoulder and murmured: "Dr. Sanders? You're up late, Doctor?" 


Sanders turned to find the small, white-suited figure of Ventress gazing down at him with his 
familiar ironic smile. Remembering their brush the previous day, Sanders said: "No, Ventress, 
_early_. I'm a day ahead of you." 


Ventress nodded eagerly, as if glad to see Sanders gaining an advantage over him, even if 
only a verbal one. Although he was standing, he seemed to Sanders to have shrunk in size, his 


jacket tightly buttoned across his narrow chest. 


"That's good, Sanders, very good." Ventress glanced around the deserted booths. "Can I join 
you for a moment?" 


"Well--" Sanders made no effort to be agreeable. The incident with the automatic pistol 
reminded him of the element of calculation in everything Ventress did. After the past few hours with 
Louise the last person he wanted near him was Ventress with his manic rhythms. "Could you--?" 


"My dear Sanders, don't let me embarrass you! I'll stand." Oblivious of Sanders's half-turned 
shoulder, Ventress carried on. "How sensible of you, Doctor. The nights in Port Matarre are far more 
interesting than the days. Don't you agree?" 


Sanders looked around at this, uncertain of Ventress's point. The man watching from the 
opposite arcade as he and Louise made their way up the staircase might well have been Ventress. 
"In a sense--" 


"Astronomy isn't one of your hobbies, by any chance?" Ventress asked. He leaned over the 
table with his mock smile. 


"I saw the satellite, if that's what you're driving at," Sanders said. "Tell me, how do you 
account for it--the sudden increase in magnitude?" 


Ventress nodded sagely. "A large question, Doctor. To answer it I would need--literally, I 
fear--all the time in the world--" 


Before Sanders could question him the door opened and one of the African youths he had 
seen by the car outside entered. A quick glance passed between himself and Ventress, and the youth 
slipped out again. 


With a short bow at Sanders, Ventress turned and pulled his crocodile-skin suitcase from the 
booth behind Sanders. He paused on his way out and whispered at Sanders: "All the time in the 
world . . . remember that, Doctor!" 


Wondering what it was that Ventress felt the need to hide behind these riddles, Dr. Sanders 
finished his whisky. Ventress's white figure, suitcase in hand, disappeared into the darkness near the 
piers, the two Africans moving quickly ahead of him. 


Sanders gave him five minutes to make his departure, assuming that Ventress was about to 
leave by boat, whether hired or stolen, for Mont Royal. Although he would soon be following 
Ventress there, Sanders was glad to be left alone in Port Matarre. Ventress's presence in some way 
added an unnecessary random element to the already confused patterns of arcade and shadow, like a 
chess-game in which both players suspected that there was a concealed piece on the board. 


As he walked past the abandoned motor-car, Sanders noticed that some sort of commotion 
was going on in the center of the native harbor. Many of the fires had been doused. Others were 
being fanned to life, and the flames danced in the disturbed water as the boats shifted and moved 
about. The overhead catwalks that crisscrossed the piers swayed under the weight of running men, 
swinging themselves along the handrails as they swerved after each other like shuttles. 


Sanders moved closer to the edge of the water. Then he saw Ventress's small white figure 
darting about in the center of the chase, like a spider trapped in a collapsing web. Ventress shouted 
to the youth carrying his suitcase along the catwalk ten yards in front of him. A tall crop-haired 
mulatto in a khaki bush-shirt was swarming towards them, a length of weighted hose-pipe in his 
scarred hand. Behind Ventress the second youth had been beaten to the floor of the catwalk by two 
men in dark sweatshirts. Knives flashed in their hands, and the youth kicked at them and leapt 
sideways through the catwalk like a wriggling fish about to be gutted. He landed on a boat below, a 
long gash torn down the side of his denims. Holding the blood against his leg with one hand, he 
scrambled across the next boat to the pier, then ran off among the bales of cocoa meal. 


On the catwalk above, Ventress shouted again, and the youth carrying the suitcase lifted the 
bag and feinted with it as the mulatto swung the hose-pipe at his head. Tossing the suitcase through 
the air in front of him, the youth slid below the rail and vaulted down on to the second rank of boats 
moored against the pier, crushing the rattan roof as he landed. The hovel collapsed in a mélée of 
blankets and upturned petrol cans. There was a vivid glimmer as a cache of crystalline jewelry was 
exposed to the fires in the other boats. 


Watching the brilliant jewels reflected in the broken water of the harbor as the lines of boats 
slipped from their moorings, Sanders heard the hard detonation of a gunshot sound out above the 
noise. The automatic pistol in his hand, Ventress crouched down on the catwalk. He fired again at 
the mulatto with the truncheon. As the mulatto backed away up a gangway to the wharf Ventress 
glanced over his shoulder at the two men behind him, both now motionless against the handrail, 
their dark bodies almost invisible. Holstering the pistol, Ventress lowered himself off the edge of the 
catwalk and leapt down on to the deck of the boat below. 


Ignoring the boat's owner, a small gray-haired African trying to gather together the harvest 
of jeweled leaves scattered around him in the well of the boat, Ventress upended the trestle roof 
covered by a blanket. His two assistants had vanished among the boats between the next two piers, 
but Ventress seemed intent only on finding the suitcase. One by one he moved along the boats, 
kicking back the calico awnings, his pistol holding off the owners. As he stepped from one boat to 
the next a jeweled wake lay behind him. The three men on the catwalk above were reflected in the 
flaring light. 


Giving up the hunt for his suitcase, Ventress pushed through the stall holders. He climbed up 
on to the pier. At its far end a small motor-boat lay moored by a single line to a sawn-off pile. 
Ventress reached the end of the pier, cast off the line and climbed into the boat. For a moment he 
worked at the controls, and the starting motor whined above the noise. A second later there was a 
jolting explosion from the bow locker of the boat, and a vivid geyser of flame lifted into the dark 
air. Knocked back against the tiller, Ventress looked up at the flames burning across the deck panels 
in front of the shattered windscreen. As the boat drifted back across the pier he managed to pull 
himself together and jumped up on to the floating box frame that served as a gangway. 


Pushing past the few Africans watching from the shore, Sanders climbed on to the pier and 
ran towards Ventress. Hurt by the explosion, the white-suited man had not seen the pale outline of a 
large motor-cruiser that had been waiting out on the river some twenty yards from the end of the 
pier. Standing at the helm on the bridge, from where he had watched the pursuit across the catwalks, 
was a tall broad-shouldered man in a dark suit, his long face partly hidden behind the white shaft of 
the radio mast. On the deck below him was what appeared to be a yacht-club starting cannon, its 
squat polished barrel gleaming in the light. As the burning motor-boat drifted past the end of the 
pier the flames subsided, and the cruiser and its watching owner sank once again into the darkness. 


Halfway along the pier Sanders saw the crop-headed mulatto swing down from the catwalk 
in front of him. He had thrown away the truncheon, and a thin silver blade flickered in his huge 
hand. He crept up behind Ventress, who sat numbly on the edge of the pier, watching the burning 
motor-boat move into the shallows. 


"Ventress!" Running hard, Sanders caught up with the mulatto, and in his rush knocked the 
man off balance. Recovering with the speed of a snake, the mulatto lunged round and drove his 
shaved head at Sanders, hitting him in the chest. He bent down to retrieve his knife, his white eyes 
swinging from Ventress to the doctor and back again. 


A hundred yards along the shore a signal flare rose into the air over the harbor. Its muffled 
light burned with a dull glow. A siren began to wail, its noise mounting over the warehouses. A 
police truck stopped at the foot of the next pier, and its headlights illuminated the last of the 
crystalline jewels now being hidden away beneath the awnings. The burning motor-boat had drifted 
against one of the catwalk supports, and the tarstreaked wood had caught fire, the flames flaring 


along the dry timbers. 


Sanders lunged with one foot at the mulatto, then wrenched at a half-loose timber sticking 
from the pier. The mulatto peered at the police truck. He seized the knife, then ran straight past 
Sanders along the pier and dived down among the boats on the far side. 


"Ventress--?" Sanders knelt beside him, and brushed at the cinders that had burned 
themselves into the fabric of the man's suit. "Can you walk? The police are here." 


Ventress stood up, his eyes clearing. Behind the beard, his small face seemed completely 
closed. He appeared to have no idea what had happened, and held on to Sanders's arm like an old 
man. 


Behind them, out on the river, there was a muted roar, and white water broke behind the 
stern of the waiting cruiser. As it moved away Ventress came to life. Still holding Sanders's arm, but 
this time guiding him, he began to run along the pier. 


"Head down, Doctor! We can't wait here!" 


His head swivelled from left to right as he watched the burning catwalk, now dividing itself 
as it collapsed into the water. When they reached the bank and moved behind the small crowd 
standing on the slope he turned to Sanders: "My thanks, Doctor. I was almost out of time myself 
there." 


Before Sanders could reply, Ventress darted off among the stacks of gasoline drums in the 
entrance to one of the warehouses. Sanders followed him, and saw Ventress disappear behind the 
abandoned motor-car. 


In the harbor the fires had burned themselves out. The charred sections of the catwalk 
steamed and spat in the dark air. The police moved along the other catwalks with their machetes, 
cutting them one by one into the water, the stall holders below shouting as they paddled their boats 
out of the way. 


Sanders walked back to his hotel, avoiding the arcades. Disturbed from their sleep, the 
mendicants sat up in their cardboard wrappings and wheedled at him as he went past, their eyes 
shining from the dark columns. 


Louise had returned to her room. Switching off the light, Sanders sat down in the chair by 
the window. The last traces of Louise's scent dissolved in the air as he watched the dawn lift over 
the distant hills of Mont Royal, illuminating the serpentine course of the river as if revealing a 
secret pathway. 


4 Adrowned man 


The next morning the body of a drowned man was taken from the river at Port Matarre. 
Shortly after ten o'clock Dr. Sanders and Louise Peret walked down to the harbor by the native 
market in the hope of hiring one of the boatmen to take them up-river to Mont Royal. The harbor 
was almost empty, and most of the boats had moved across the river to the settlements on the far 
bank. The wrecked catwalks lay in the water like the skeletons of half-drowned lizards, one or two 
of the fishermen poking around among them. 


The market was quiet, either as a result of the incident the previous night or because Father 


Balthus's scene with the jeweled cross had dissuaded the owners of the curio stalls from putting in 
an appearance. 


Despite the compacted glitter of the forest during the night, by day the jungle had become 
dark and somber again, as if the foliage were recharging itself from the sun. This pervading sense of 
unease convinced Sanders of the need to leave for Mont Royal with Louise as soon as possible. As 
they walked along he watched for any signs of the mulatto and his two assistants. However, from 
the scale of the attack upon Ventress--without doubt the armed motor-cruiser and its watching 
helmsman had played some part in the attempted murder-- Sanders assumed that the would-be 
assassins were by now a Safe distance from the police. 


During the short walk from the hotel Sanders had halfexpected to hear Ventress whisper to 
him from the shadows within the arcade, but there had been no signs of him in the town. However 
improbable, the unrelieved heaviness of the light over Port Matarre convinced Sanders that the 
white-suited figure had already left. 


To Louise he pointed out the jumble of wrecked catwalks and the charred hulk of the motor- 
boat lying in the shallows, and described the attack by the mulatto and his men. 


"Perhaps he was trying to steal some jewelry from the boats," Louise suggested. "They may 
just have been defending themselves." 


"No, it was more than that--this mulatto was really after Ventress. If the police hadn't arrived 
we'd both have ended up face down in the river." 


"How horrible for you!" Louise took his arm, as if barely convinced of Sanders's physical 
identity in the nexus of uncertainty at Port Matarre. "But why should anyone attack him?" 


"T've no idea--you didn't find anything out about Ventress?" 


"No, I was following you most of the time. I haven't even seen this small man with a beard. 
You make him sound very sinister." 


Sanders laughed at this. Holding her shoulders for a few steps, he said: "My dear Louise, 
you have a Bluebeard complex--like all women. As a matter of fact, Ventress isn't in the least 
sinister. On the contrary, he's rather naive and vulnerable--" 


"Like Bluebeard, I suppose?" 


"Well, not quite. But the way he talks in riddles all the time--it's as if he's frightened of 
revealing himself. I'd say he knew something about this crystallizing process." 


"But why shouldn't he tell you directly? How could it have any bearing on his own 
situation?" 


Sanders paused, glancing down at the sunglasses which Louise still carried in her hand. 
"Doesn't it with all of us, Louise? There are white shadows as well as black behind us in Port 
Matarre--why, God alone knows. Still, of one thing I'm sure, there's no actual physical danger from 
this process, or Ventress would have warned me. If anything, he was encouraging me to go to Mont 
Royal." 


Louise shrugged. "Perhaps it would suit him to have you there." 


"Perhaps--" They had passed the main piers of the native harbor, and Sanders stopped and 
spoke to the half-castes who owned the small group of fishing boats moored along the bank. They 
shook their heads when he mentioned Mont Royal, or seemed too unreliable to trust. 


He rejoined Louise. "No good. They're the wrong kind of boats anyway." 


"Is that the ferry over there?" Louise pointed a hundred yards along the bank, where half a 
dozen people stood at the water's edge near a landing stage. Two men armed with poles were 
steering in a large skiff. 


When Louise and Dr. Sanders approached they saw that the boatmen were bringing in the 
floating body of a dead man. 


The group of onlookers moved back as the body, prodded by the two poles, was beached in 
the shallows. After a pause, someone stepped forward and pulled it on to the damp mud. For a few 
moments everyone looked down at it, as the muddy water ran off the drenched clothing and drained 
from the blanched cheeks and eyes. 


"Oooohh--!" With a shudder, Louise turned and backed away, stumbling a few feet up the 
bank to the landing stage. Leaving her, Dr. Sanders bent down to inspect the body. That of a 
muscular fair-skinned European of about thirty, it appeared to have suffered no external physical 
injuries. From the extent to which the dye had run from the leather belt and boots it was plain that 
the man had been immersed in water for four or five days, and Sanders was surprised to find that 
rigor mortis had still not occurred. The joints and tissues were malleable, the skin firm and almost 
warm. 


What most attracted his attention, however, like that of the rest of the watching group, was 
the man's right arm. From the elbow to the finger tips it was enclosed by--or more precisely had 
effloresced into--a mass of translucent crystals, through which the prismatic outlines of the hand 
and fingers could be seen in a dozen multi-colored reflections. This huge jeweled gauntlet, like the 
coronation armor of a Spanish conquistador, was drying in the sun, its crystals beginning to emit a 
hard vivid light. 


Dr. Sanders looked over his shoulder. Someone else had joined the watching group. Looking 
down at them from the top of the bank, his dark robe held below his hunched shoulders like the 
wings of a huge carrion bird, was the tall figure of Father Balthus. His eyes were fixed on the dead 
man's jeweled arm. A small tic in one comer of his mouth was fluttering, as if some blasphemous 
requiem for the dead man was discharging itself below the surface of the priest's consciousness. 
Then, with an effort, he turned on one heel and walked off along the river toward the town. 


Dr. Sanders stood up as one of the watermen came forward. He stepped through the circle of 
onlookers and made his way to Louise Peret. 


"Is that Anderson? The American? You recognized him." 


Louise shook her head. "The cameraman, Matthieu. They went off in the car together." She 
looked up at Sanders, her face contorted. "His _arm?_ What happened to it?" 


Dr. Sanders moved her away from the group of people looking down at the body as the 
jeweled light discharged itself from the crystalline tissues. Fifty yards away, Father Balthus was 
striding past the native harbor, the fishermen stepping out of his path. Sanders gazed around, trying 
to take his bearings. "It's rime to find out. Somewhere we've got to get hold of a boat." 


Louise straightened her handbag, searching for her pencil and shorthand pad. "Edward, I 
think--I must get this story out. I'd like to go to Mont Royal with you, but with a dead man, it's not 
just guesswork any more." 


"Louise!" Dr. Sanders held her arm. Already he sensed that the physical bond between them 
was slipping--Louise's eyes were turned away from him toward the body on the shore, as if she 
understood that there was little point in her going with Sanders to Mont Royal, and that his real 
motives for wanting to sail up-river, his quest for an end to all Suzanne Clair stood for in his mind, 
concerned him alone. Yet Sanders felt reluctant to let her go. However fragmentary their 
relationship, it offered at least an alternative to Suzanne. 


"Louise, if we don't leave this morning we'll never get away from here. Once the police find 
that body they'll put a cordon around the whole of Mont Royal, if not Port Matarre as well." He 
hesitated, and then added: "That man had been in the water for at least four days, probably carried 
downstream all the way from Mont Royal, yet he died only half an hour ago." 


"What do you mean?" 


"Precisely that. He was still _warm_. Do you understand when I say we must leave for Mont 
Royal now? The story you want will be there, and you'll be the first--" 


Sanders broke off, aware that their conversation was being overheard. They were walking 
along the quay, and to their right, twenty feet away, a motor-boat moved slowly through the water, 
keeping pace with them. Sanders recognized the red-and-yellow craft brought to Port Matarre on 
the steamer. Standing at the controls, one hand lightly on the steering helm, was a raffish-looking 
man with a droll handsome face. He eyed Dr. Sanders with a kind of amiable curiosity, as if 
balancing the advantages and drawbacks of becoming involved with him. 


Dr. Sanders motioned to Louise to stop. The helmsman cut his engine, and the motor-boat 
drifted in an arc toward the bank. Dr. Sanders walked down to it, leaving Louise on the quay. 


"A fine boat you have there," Sanders said to the helmsman. 


The tall man made a deprecating gesture, then gave Sanders an easy smile. "I'm glad you 
appreciate it, Doctor." He pointed to Louise Peret. "I can see you have a good eye." 


"Mlle. Peret is a colleague of mine. I'm more interested in boats just now. This one traveled 
with me on the steamer from Libreville." 


"Then you know, Doctor, it's a fine craft, as you say. It could take you to Mont Royal in four 
or five hours." 


"Excellent, indeed." Dr. Sanders glanced at his watch. "What would you charge for such a 
trip, Captain--?" 


"Aragon." The tall man took a partly smoked cheroot from behind his ear and gestured with 
it at Louise. "For one? Or both of you?" 


"Doctor--" Louise called down, still uncertain. "I'm not sure--" 


"For the two of us," Dr. Sanders said, turning his back on the young woman. "We'll want to 
go today, within half an hour if possible. Now how much?" 


For a few minutes they argued over the price, then agreed. Aragon started his motor, and 
shouted: "I'll see you at the next pier, Doctor, in an hour. The tide will have turned, it will carry us 
half the way.” 


At noon, their suitcases stowed away in the locker behind the engine, they set off up-river in 
the speedboat. Dr. Sanders sat beside Aragon in the front seat, while Louise Peret, her dark hair 
flowing behind her in the slipstream, sat in one of the bucket seats behind. As they swept up the 
brown tidal river, the arcs of spray rainbowing behind them, Sanders felt the oppressive silence that 
had pervaded Port Matarre lift for the first time since his arrival. The deserted arcades, of which 
they had a last glimpse as they headed out into the main channel, and the somber forest seemed to 
recede into the background, separated from him by the roar and speed of the motor-boat. They 
passed the police wharf. A corporal lounging there with his squad watched them sweep by on a 
wake of foam. The powerful motor lifted the craft high out of the water, and Aragon leaned forward, 
watching the surface for any floating logs. 


There were few other craft about. One or two native outriggers moved along by the edge of 
the banks, half hidden by the overhanging foliage. A mile from Port Matarre they passed the private 
jetties owned by the cocoa plantations. The empty lighters lay unattended under the idle cranes. 
Weeds sprang between the tracks of the small-gauge railways and climbed up the gantries of the 
storage silos. Everywhere the forest hung motionless in the warm air, and the speed and spray of the 


motor-boat seemed to Dr. Sanders like an illusionist trick, the flickering shutter of a defective cine- 
camera. 


Half an hour later, when they reached the tidal limits of the river, some ten miles inland, 
Aragon slowed down so that they could watch the water more closely. Dead trees and large pieces 
of bark drifted past. Now and then they came across sections of abandoned wharves that had been 
pulled off their moorings by the current. The river seemed untended and refuse-strewn, carrying the 
litter of deserted towns and villages. 


"This is quite a boat, Captain," Dr. Sanders complimented Aragon, as the latter changed fuel 
tanks to preserve the balance of the craft. 


Aragon nodded, steering the boat past the remains of a floating hut. "Faster than the police 
launches, Doctor." 


"T'm sure it is. What do you use it for? Diamond smuggling?" 


Aragon turned his head, casting a sharp eye at Sanders. Despite the latter's reserved manner, 
Aragon seemed already to have made his own judgment of the doctor's character. He shrugged 
sadly. "So I hoped, Doctor, but too late now." 


"Why do you say that?" 


Aragon looked up at the dark forest draining all light from the air. "You'll see, Doctor. We'll 
soon be there." 


"When were you last at Mont Royal, Captain?" Sanders asked. He glanced back at Louise. 
She leaned forward to catch Aragon's replies, holding her hair against her cheek. 


"Not for five weeks. The police took my old boat." 
"Do you know what's going on up there? Have they found a new mine?" 


Aragon gave a laugh at this, and then steered the boat at a large white bird sitting on a log in 
their path. With a cry it took off straight over their heads, its huge wings working like ungainly oars. 
"You could say that, Doctor. But not in the way you mean.” He added before Sanders could question 
him further: "I really saw nothing. I was on the river, it was during the night." 


"You saw the dead man in the harbor this morning?" 


Aragon paused for half a minute before replying. At last he said: "El Dorado, the man of 
gold and jewels, in an armor of diamonds. There's an end many would wish for, Doctor." 


"Perhaps. He was a friend of Mlle. Peret." 


"Of Mlle.--?" With a grimace, Aragon sat forward over the helm. 


Shortly after one thirty, when they were almost halfway to Mont Royal, they stopped by a 
derelict jetty that jutted out into the river from an abandoned plantation. Sitting on the soft beams 
over the water, they ate their lunch of ham and rolls followed by café royal. Nothing moved across 
the river or along the banks, and to Sanders it seemed that the entire area had been deserted. 


Perhaps because of this, any conversation between them had lapsed. Aragon sat by himself, 
staring out at the water that swept past. The marked slope of his forehead, and his lean face with its 
pointed cheekbones, had given him a sharp piratical look along the waterfront at Port Matarre, but 
here, surrounded on all sides by the oppressive jungle, he seemed less sure of himself, more like 


some trigger-nerved forest guide. Why he had chosen to take Sanders and Louise to Mont Royal 
remained obscure, but Sanders guessed that he was drawn back to this focal area by motives as 
uncertain as his own. 


Louise had also withdrawn into herself. As she smoked her cigarette after the meal she 
avoided Sanders's eyes. Deciding to leave her alone for the time being, Sanders walked away along 
the pier, picking his way across the broken boards until he reached the bank. The forest had re- 
entered the plantation, and the giant trees hung silently in lines, one dark cliff behind another. 


In the distance he could see the ruined plantation house, creepers entwined through the 
rafters of the outbuildings. Ferns overgrew the garden of the house, running up to the doors and 
sprouting through the planks of the porch. Avoiding this mournful wreck, Sanders strolled around 
the perimeter of the garden, following the faded stones of a pathway. He passed the wire screen of a 
tennis court, the mesh covered by creepers and moss, and then reached the drained basin of an 
ornamental fountain. 


Sanders sat down on the balustrade, and took out his cigarettes. He was looking across at the 
plantation house a few minutes later when he sat forward with a start. Watching him from an 
upstairs window of the house was a tall pale-skinned woman with a white mantilla covering her 
head and shoulders, the dark creepers clustering at the window around her. 


Sanders threw away his cigarette and ran forward through the ferns. He reached the porch 
and kicked back the dusty frame of the door, then made his way toward the wide staircase. Here and 
there his shoes sank through the balsa-like boards, but the marble steps were still firm. The house 
had been stripped of its furniture and he crossed the landing upstairs to the bedroom in which he 
had seen the woman. 


"Louise--!" 


With a laugh she turned to face him, the puffy remains of an old lace curtain falling from 
one hand to the floor. Shaking her hair lightly, she smiled at Sanders. 


"Did I frighten you? --I'm sorry." 
"Louise--that was a damn silly thing to do--" With an effort Sanders controlled himself, his 
moment of recognition fading. "How the devil did you get up here?" 


Louise sauntered around the room, looking at the patches left behind the pictures that had 
been removed, as if visiting some spectral gallery. "I walked, of course." She turned to face him, her 
eyes sharpening. "What's the matter--did I remind you of someone?" 


Sanders went over to her. "Perhaps you did. Louise, it's difficult enough, without any 
practical jokes." 


"It wasn't meant as a joke." She took his arm, her ironic smile gone. "Edward, I'm sorry, I 
shouldn't have--" 


"Never mind." Sanders held her face to his shoulder, recovering himself in the physical 
contact with Louise. "For God's sake, Louise. All this will be over once we reach Mont Royal-- 
before I had no choice." 


"Of course--" She drew him away from the window. "Aragon--he can see us here." 


The lace curtain lay on the floor at their feet, the mantilla Sanders had seen from the drained 
fountain in the garden. As Louise began to kneel down on it, holding his hands, he shook his head, 
then kicked it away into the corner. 


Later, when they returned to the motor-boat, Aragon met them halfway down the pier. "We 
should leave, Doctor," he said, "the boat is exposed here--sometimes they patrol the river." 


"Of course. How many soldiers are there in the Mont Royal area?" Sanders asked. 
"Four or five hundred. Perhaps more." 


"A battalion? That's a lot of men, Captain." He offered Aragon a cigarette from his case as 
Louise walked on ahead. "That incident in the native harbor last night--did you see it?" 


"No, I heard this morning--those market boats are always catching fire." 


"Perhaps. There was an attack on a man I know--a European called Ventress." He looked up 
at Aragon. "There was a large motor-cruiser with a cannon on the deck--you may have seen it on the 
river?" 


Aragon's face gave nothing away. He shrugged vaguely. "It could belong to one of the 
mining companies. I haven't met this Ventress." Before Sanders could move on he added: 
"Remember, Doctor, there are many interests in Mont Royal that wish to stop people from going 
into the forest--or leaving it." 


"IT can see that. By the way, that drowned man in the harbor this morning--when you saw 
him, was he lying on a raft, by any chance?" 


Aragon inhaled slowly on the cigarette, watching Sanders with some respect. "That's a good 
guess, Doctor." 


"And as for this armor of light, was he covered with the crystals from head to foot?" 


Aragon gave him a grimace of a smile, revealing a gold eye-tooth. He tapped it with his 
forefinger. "'Covered'--is that the right word? My tooth is the whole gold, Doctor." 


"I take the point." Sanders gazed down at the brown water sweeping past the polished 
timbers of the jetty. Louise waved to him from her place in the boat, but he was too preoccupied to 
reply. "You see, Captain, I'm wondering whether this man, Matthieu he was called, was dead in the 
absolute sense when you saw him. If, say, in the choppy open water of the harbor he had been 
knocked from the raft, but still held on in some way with one hand--that would explain a lot. It 
might have very important consequences. You see what I mean?" 


Aragon smoked his cigarette, watching the crocodiles that lay in the shallows below the 
opposite bank. Then he threw the half-smoked cigarette into the water. "I think we should set off for 
Mont Royal now. The army here is not very intelligent." 


"They have other things to think about, but you may well be right. Mile. Peret thinks there is 
a physicist on the way. If so, he should be able to prevent any more tragic accidents." 


Just before they started off Aragon turned to Dr. Sanders and said: "I was wondering, 
Doctor, why you were so eager to go to Mont Royal." 


The remark seemed by way of apology for earlier suspicions, but Sanders found himself 
laughing defensively. With a shrug he said: "Two of my closest friends are in the affected zone, as 
well as Louise's American colleague. Naturally we're worried about them. The automatic temptation 
of the army will be to seal off the entire area and see what happens. They were loading barbed wire 
and fencing in the barracks at Port Matarre yesterday. For anyone trapped within the cordon it could 
be like being frozen solid inside a glacier." 


5 The crystallized forest 


Five miles from Mont Royal the river narrowed to little more than a hundred yards in width. 
Aragon reduced the speed of their craft to a few knots, steering between the islands of rubbish that 
drifted by, and avoiding the creepers that hung far out over the water from the high jungle walls on 
either side. Sitting forward, Dr. Sanders searched the forest, but the great trees were still dark and 
motionless. 


They emerged into a more open stretch, where part of the undergrowth along the right-hand 
bank had been cut back to provide a small clearing. As Dr. Sanders pointed to a collection of 
derelict outbuildings, there was a tremendous blare of noise from the forest canopy above them, as 
if a huge engine had been mounted in the top-most branches, and a moment later a helicopter soared 
past above the trees. 


It disappeared from view, its noise reverberating off the foliage. The few birds around them 
flickered away into the darkness of the forest, and the idling crocodiles submerged into the bark- 
stained water. As the helicopter hovered into view again a quarter of a mile ahead of them, Aragon 
cut the throttle and began to turn the craft toward the bank, but Sanders shook his head. 


"We might as well carry on, Captain. We can't make it on foot through the forest. The farther 
we Can go upriver the better." 


As they continued down the center of the channel the helicopter continued to circle 
overhead, sometimes swinging up to a height of eight or nine hundred feet, as if to take a better look 
at the winding river, at other times soaring low over the water fifty yards in front of them, the 
wheels almost touching the surface. Then, abruptly, it zoomed away and carried out a wide circuit 
of the forest. 


Rounding the next bend, where the river widened into a small harbor, they found that a 
pontoon barrage stretched across the channel from one bank to the next. On the right, along the 
wharves, were the warehouses bearing the names of the mining companies. Two landing craft and 
several military launches were tied up, and native soldiers moved about unloading equipment and 
drums of fuel. In the clearing beyond, a substantial military camp had been set up. The lines of tents 
ran off between the trees, partly hidden by the gray festoons of moss. Large piles of metal fencing 
lay about, and a squad of men were painting a number of black signs with luminous paint. 


Halfway across the pontoon barrage a French sergeant with an electric megaphone called to 
them, pointing to the wharves. "A droite! A droite!" A group of soldiers waited by the jetty, leaning 
on their rifles. 


Aragon hesitated, turning the boat in a slow spiral. "What now, Doctor?" 


Sanders shrugged. "We'll have to go in. There's no point in trying to cut and run for it. If I'm 
going to find the Clairs, and Louise is to get her story, we'll have to do it on the army's terms." 


They coasted in toward the wharf between the two landing craft, and Aragon threw the lines 
up to the waiting soldiers. As they climbed up on to the wooden deck the sergeant with the 
megaphone walked down the barrage. 


"You made good time, Doctor. The helicopter only just caught up with you." He pointed 
between the warehouses to a small landing field by the camp. With a roar of noise, throwing up a 
tremendous fountain of dust, the helicopter was coming in to land. 


"You knew we were coming? I thought the telephone line was down." 


"Correct. But we have a radio, you know, Doctor." The sergeant smiled amiably. His relaxed 
good humor, uncharacteristic of the military in its dealings with civilinns, suggested to Sanders that 


perhaps the events in the forest near by for once had made these soldiers only too glad to see their 
fellow men, whether in uniform or out. 


The sergeant greeted Louise and Aragon, consulting a slip of paper. "Mile. Peret? Monsieur 
Aragon? Would you come this way? Captain Radek would like a word with you, Doctor." 


"Certainly. Tell me, Sergeant, if you have a radio how is it that the police at Port Matarre 
have no idea what's going on?" 


"What _is_ going on, Doctor? That's a question many people are trying to solve at this 
moment. As for the police at Port Matarre, we tell them as little as we think good for them. We're 
not eager to spread rumors, you know." 


They set off toward a large metal hut that formed the battalion's headquarters. Dr. Sanders 
looked back at the river. Along the barrage across the channel two young soldiers walked to and fro 
with large butterfly nets in their hands, fishing methodically at the water that ran through the wire 
mesh hanging from the pontoons. More amphibious craft were moored against the wharf on the 
upstream side of the barrage, their crews sitting at the ready. The two landing craft sat low in the 
water, loaded almost to capacity with huge crates and bales, a random selection of household 
effects--refrigerators, airconditioners and the like--and units of machinery and office cabinets. 


As they reached the edge of the landing strip Dr. Sanders saw that the main runway 
consisted of a section of the Port Matarre--Mont Royal highway. Half a mile away the road had 
been sealed off by lines of fiftygallon drums painted with black-and-white stripes. Beyond this 
point the forest sloped slowly upwards, giving way to the blue hills of the mining area. Lower 
down, by the river, the white roof-tops of the town shone in the sunlight above the jungle. 


Two other aircraft, high-wing military monoplanes, were parked off the runway. The rotors 
of the helicopter had stopped and drooped downwards over the heads of a group of four or five 
civilians stepping unsteadily out of the cabin. As he reached the door of the hut Dr. Sanders 
recognized the black-garbed figure walking across the dusty ground. 


"Edward!" Louise held his arm. "Who's that over there?" 


"The priest. Balthus." Sanders turned to the sergeant as the latter opened the door. "What's 
he doing here?" 


The sergeant paused for a moment, watching Sanders. "His parish is here, Doctor. Near the 
town. Surely we have to let him in?" 


"Of course." Sanders collected himself. His sharp reaction to the arrival of the priest made 
him realize how far he already identified himself with the forest. He pointed to the civilians still 
finding their land-legs. "And the others?" 


"Agriculture experts. They arrived at Port Matarre by flying boat this morning." 
"Sounds like a big operation. Have you seen the forest, Sergeant?" 


The sergeant held up his hand. "Captain Radek will explain, Doctor." He ushered Dr. 
Sanders across the corridor, then opened a door into a small waiting room and beckoned to Louise 
and Aragon. "Mlle.--please make yourself comfortable. I will have some coffee brought to you." 


"But Sergeant, I have to--" Louise began to remonstrate with the sergeant, but Sanders put 
his hand on her shoulder. 


"Louise, it's best if you wait here. I'll find Out all I can." 


Aragon waved to Sanders. "We'll see you later, Doctor. I'll keep an eye on your suitcases." 


Captain Radek was waiting for Dr. Sanders in his office. A doctor in the army medical corps, 
he was plainly glad to find another physician in the neighborhood. 


"Sit down, Doctor, it's a pleasure to see you. First of all, to put your mind at rest, may I say 
that an inspection party will be leaving for the area in half an hour, and I have arranged for us to go 
with them." 


"Thank you, Captain. What of Mlle. Peret? She--" 


"I'm sorry, Doctor, but that won't be possible." Radek placed his hands palm-downwards on 
the metal desk, as if trying to draw some kind of resolution from its hard surface. A tall slimly built 
man with somewhat weak eyes, he seemed anxious to come to a personal understanding with 
Sanders, the pressure of events making it necessary to dispense with the usual preliminaries of 
friendship. "I'm afraid we are keeping all journalists out of the area for the time being. It's not my 
decision but I'm sure you understand. Perhaps I should add that there are a number of matters I 
cannot confide to you-- our operations in this area, evacuation plans and so forth--but I will be as 
frank as possible. Professor Tatlin flew here direct from Libreville this morning--he is at the 
inspection site now--and I'm sure he will be glad of your opinion." 


"T'll be glad to give it," Dr. Sanders said. "It's not exactly my field of specialty." 


Radek made a limp gesture with one hand, then let it fall back onto the desk. In a quiet 
voice, out of deference to any feelings Sanders might have, he said: "Who knows, Doctor? It seems 
to me that the business here and your own specialty are very similar. In a way, one is the dark side 
of the other. I'm thinking of the silver scales of leprosy that give the disease its name." He 
straightened up. "Now, tell me, have you seen any of the crystallized objects?" 


"Some flowers and leaves." Sanders decided not to mention the dead man that morning. 
However frank and likeable the young army doctor might seem, Sanders's first priority was to reach 
the jungle. If they suspected him even of some remote complicity in Matthieu's death he might well 
find himself sidetracked into an endless military investigation. "The native market is full of them. 
They're selling them as curios." 


Radek nodded. "This has been going on for some time--nearly a year, in fact. First it was 
costume jewelry, then small carvings and holy objects. Recently there's been quite a trade here--the 
natives were taking cheap carvings into the active zone, leaving them there overnight and going 
back the next day for them. Unfortunately some of the stuff, the jewelry in particular, had a 
tendency to dissolve." 


"The rapid movement?" Dr. Sanders queried. "I noticed that. A curious effect, the discharge 
of light. Disconcerting to some of the wearers." 


Radek smiled. "It didn't matter with the costume jewelry, but some of the native miners 
started using the same technique on the small diamonds they smuggled out. As you know, the 
diamond mines here don't produce gem-stones, and everyone was naturally surprised when these 
huge rocks began to reach the market. The share prices on the Paris Bourse climbed to fantastic 
heights. That's how it all started. A man was sent to investigate and ended up in the river." 


"There were vested interests?" 


"There still are. We aren't the only people trying to keep this quiet. The mines here have 
never been particularly profitable--" Radek seemed about to reveal something, and then changed his 
mind, perhaps aware of Sanders's withdrawn manner. "Well, I think I can tell you, in confidence of 
course, that this is not the only affected area in the world. At this moment at least two other sites 
exist--one in the Florida Everglades, and the other in the Pripet Marshes of the Soviet Union. 
Naturally, both are under intensive investigation." 


"Then the effect is understood?" Dr. Sanders asked. 


Radek shook his head. "Not at all. The Soviet team is under the leadership of Lysenko. As 


you can imagine, he is wasting the Russians' time. He believes that non-inherited mutations are 
responsible, and that because there is an apparent increase in tissue weight, crop yields can also be 
increased." Radek laughed wearily. "I'd like to see some of those tough Russians trying to chew a 
piece of this crystallized glass." 


"What is Tatlin's theory?" 


"In general he agrees with the American experts. I spoke to him at the site this morning." 
Radek opened a drawer and tossed something from it across the desk to Sanders. It lay there like 
crystallized leather, giving off a soft light. "That's a piece of bark I show to visitors." 


Dr. Sanders pushed it back across the desk. "Thank you, but I saw the satellite last night." 


Radek nodded to himself. He scooped the bark back into the drawer with his ruler and 
closed it, obviously glad to have this exhibit out of sight. He brushed his fingers together. "The 
satellite? Yes, an impressive sight. Venus now has two lamps. Not only two either. Apparently at the 
Mount Hubble Observatory in the States they have seen distant galaxies efflorescing!" 


Radek paused, collecting his energies with an effort. "Tatlin believes that this Hubble Effect, 
as they call it, is closer to a cancer than anything else--and about as curable--an actual proliferation 
of the sub-atomic identity of all matter. It's as if a sequence of displaced but identical images of the 
same object were being produced by refraction through a prism, but with the element of time 
replacing the role of light." 


There was a knock on the door. The sergeant put his head through. "The inspection party is 
ready to leave, sir." 


"Good." Radek stood up and took his cap from the peg. "We'll have a look, Doctor. I think 
you'll be impressed." 


Five minutes later the party of visitors, some dozen in number, set off in one of the 
amphibian craft. Father Balthus was not among them, and Sanders assumed that he had left for his 
mission by road. However, when he asked Radek why they were not approaching Mont Royal by 
the highway the captain told him that the road was closed. In response to Sanders's request, the 
captain arranged to make contact by field telephone with the clinic where Suzanne and Max Clair 
were working. The owner of the mine near by, a Swedish-American by the name of Thorensen, 
would tell them of Sanders's arrival, and with luck Max would be at the wharf to meet him when 
they landed. 


Radek had heard nothing of Anderson's whereabouts. "However," he explained to Louise 
before they embarked, "we ourselves have had great difficulty in taking photographs--the crystals 
look like wet snow, in Paris they're still sceptical--so he may be hanging about somewhere, waiting 
for a convincing picture.” 


As he took his seat near the driver in the bow of the amphibian, Dr. Sanders waved to Louise 
Peret, who was watching from the wharf on the other side of the pontoon-barrage. He had promised 
to return with Max for her after they had visited the affected area, but even so Louise had made a 
half-hearted attempt to stop him going at all. 


"Edward, wait till I can come with you--it's too dangerous for you--" 
"My dear, I'm in good hands--the Captain will see everything is all right." 
"There's no danger, Mlle. Peret," Radek assured her. "I will bring him back." 


"T didn't mean--" She embraced Sanders hurriedly and walked back to where Aragon sat in 
the speedboat, talking to two of the soldiers. The presence of the barrage seemed to mark off one 


section of the forest from the other, a point beyond which they entered a world where the normal 
laws of the physical universe were suspended. The mood of the party was subdued, and the officials 
and French experts sat in a group at the stern, as if to place the maximum possible distance between 
themselves and whatever was to face them ahead. 


For ten minutes they moved forward, the green walls of the forest slipping past on either 
side. They met a convoy of motor launches harnessed together behind a landing craft. All of them 
were crammed with cargo, their decks and cabin roofs loaded with household possessions of every 
kind, perambulators and mattresses, washing machines and bundles of linen, so that there were only 
a few inches of freeboard amidships. The solemn-faced French and Belgian children sat with 
suitcases on their knees above the freight. Their parents gazed expressionlessly at Sanders and his 
companions as they passed. 


The last of the craft moved by, dragged through the disturbed water. Sanders turned and 
watched it go. 


"You're evacuating the town?" he asked Radek. 


"It was half-empty when we came. The affected zone moves about from one place to 
another, it's too dangerous for them to stay." 


They were rounding a bend, as the river widened in its approach to Mont Royal, and the 
water ahead was touched by a roseate sheen, as if reflecting a distant sunset or the flames of a silent 
conflagration. The sky, however, remained a bland limpid blue, devoid of all clouds. They passed 
below a small bridge, where the river opened into a wide basin a quarter of a mile in diameter. 


With a gasp of surprise they all craned forward, staring at the line of jungle facing the white- 
framed buildings of the town. The long arc of trees hanging over the water seemed to drip and 
glitter with myriads of prisms, the trunks and branches sheathed by bars of yellow and carmine light 
that bled away across the surface of the water, as if the whole scene were being reproduced by some 
over-active Technicolor process. The entire length of the opposite shore glittered with this blurred 
kaleidoscope, the overlapping bands of color increasing the density of the vegetation, so that it was 
impossible to see more than a few feet between the front line of trunks. 


The sky was clear and motionless, the sunlight shining uninterruptedly upon this magnetic 
shore, but now and then a stir of wind crossed the water and the scene erupted into cascades of color 
that rippled away into the air around them. Then the coruscation subsided, and the images of the 
individual trees reappeared, each sheathed in its armor of light, foliage glowing as if loaded with 
deliquescing jewels. 


Moved to astonishment, like everyone else in the craft, Dr. Sanders stared at this spectacle, 
his hands clasping the rail in front of him. The crystal light dappled his face and suit, transforming 
the pale fabric into a brilliant palimpsest of colors. 


The craft moved in a wide arc toward the quay, where a group of launches were being 
loaded with equipment, and they came within some twenty yards of the trees, the hatchwork of 
colored light across their clothes transforming them for a moment into a boat-load of harlequins. 
There was a round of laughter at this, more in relief than amusement. Then several arms pointed to 
the water-line, and they could see that the process had not affected the vegetation alone. 


Extending outwards for two or three yards from the bank were the long splinters of what 
appeared to be crystallizing water, the angular facets emitting a blue and prismatic light washed by 
the wake from their craft. The splinters were growing in the water like crystals in a chemical 
solution, accreting more and more material to themselves, so that along the bank there was a 
congested mass of rhomboidal spears like the barbs of a reef, sharp enough to slit the hull of their 
craft. 


A hubbub of speculation broke out in the launch, during which only Dr. Sanders and Radek 
remained silent. The captain was gazing up at the overhanging trees, encrusted by the translucent 


lattice, through which the sunlight was reflected in rainbows of primary colors. Unmistakably each 
tree was still alive, its leaves and boughs filled with sap. Dr. Sanders was thinking of Suzanne 
Clair's letter. She had written, "The forest is a house of jewels." For some reason he felt less 
concerned to find a so-called scientific explanation for the phenomenon he had just seen. The 
beauty of the spectacle had turned the keys of memory, and a thousand images of childhood, 
forgotten for nearly forty years, filled his mind, recalling the paradisal world when everything 
seemed illuminated by that prismatic light described so exactly by Wordsworth in his recollections 
of childhood. The magical shore in front of him seemed to glow like that brief spring. 


"Dr. Sanders." Radek touched his arm. "We must go now." 


"Of course." Sanders pulled himself together. The first passengers were disembarking from 
the gangway at the stern. 


As he walked back between the seats Dr. Sanders started with surprise, pointing to a bearded 
man in a white suit who was crossing the gangway. 


"There--! Ventress!" 


"Doctor?" Radek caught up with him, peering solicitously into Sanders's eyes as if aware of 
the forest's impact. "Are you unwell?" 


"Not at all. I. . . thought I recognized someone." He watched Ventress sidestep past the 
officials and make off down the quay, his bony skull held stiffly above his shoulders. A faint multi- 
colored dappling still touched his suit, as if the light from the forest had contaminated the fabric and 
set off the process anew. Without a backward glance, he stepped between two warehouses and 
disappeared among the sacks of cocoa meal. 


Sanders stared after him, unsure whether he had in fact seen Ventress--had the white-suited 
figure been some kind of hallucination set off by the prismatic forest? It seemed impossible for 
Ventress to have smuggled himself aboard the craft, even by masquerading as one of the agriculture 
experts, though Sanders had been so distracted by the prospect of seeing the affected zone for the 
first time that he had not bothered to look closely at his fellow passengers. 


"Do you wish to rest, Doctor?" Radek asked. "We can pause for a moment." 


"If you like--" They stopped by one of the metal bollards. Sander sat down on it, still 
thinking of the elusive figure of Ventress and its real significance. Again Sanders felt the sense of 
confusion which the strange light in Port Matarre had generated, a confusion in some way 
symbolized by Ventress and his skull-like face. Yet however much Ventress had seemed to reflect 
the flaring half-light in the town, Sanders was sure that here at Mont Royal the white-suited man 
would really come into his own. 


"Captain--" Without thinking, Sanders said: "Radek, I wasn't entirely frank with you--" 


"Doctor?" Radek's eyes were watching Sanders's. He nodded slowly, as if he already knew 
what Sanders would say. 


"Don't misunderstand me." Sanders pointed to the forest glowing across the water. "I'm glad 
you're here, Radek. Before I was thinking only of myself. I had to leave Fort Isabelle--" 


"I do understand you, Doctor." Radek touched his arm. "We must follow the party now." As 
they walked along the wharf, Radek said in his low voice: "Outside this forest everything seems 
polarized, does it not, divided into black and white? Wait until you reach the trees, Doctor--there, 
perhaps, these things will be reconciled for you." 


6 The crash 


Their party was divided into several smaller groups, each accompanied by two N.C.O.s. 
They moved off past the short queue of cars and trucks which the last of the European townsfolk 
were using to bring their possessions to the wharf. The families, those of the French and Belgian 
mine-technicians, waited their turn patiently, flagged on by the military police. The streets of Mont 
Royal were deserted, and the entire native popula-. tion appeared to have long since vanished into 
the forest. The houses stood empty in the sunlight, shutters sealed across the windows, and soldiers 
paced up and down past the closed banks and stores. The side-streets were packed with abandoned 
cars, indicating that the river was the only route of escape from the town. 


As they walked down to the control post, the jungle glowing two hundred yards away to 
their left, a large Chrysler with a dented fender swerved down the street and came to a halt in front 
of them. A tall man with blond hair, his double-breasted blue Suit unbuttoned, climbed out. He 
recognized Radek and waved him over. 


"This is Thorensen," Radek explained. "One of the mine-owners. It looks as if he hasn't been 
able to contact your friends. However, he may have news." 


The tall man rested one hand on the roof of the car and scanned the surrounding roof-tops. 
The collar of his white shirt was open, and he scratched in a bored way at his neck. Although of 
powerful build, there was something weak and self-centered about his long fleshy face. 


"Radek!" he shouted. "I haven't got all day! Is this Sanders?" He jerked his head at the 
doctor, then nodded to him. "Look, I got hold of them for you--they're at the mission hospital near 
the old Bourbon Hotel--he and his wife were supposed to come down here. Ten minutes ago he 
phoned that his wife's gone off somewhere, he has to look for her." 


"Gone off somewhere?" Dr. Sanders repeated. "What does that mean?" 


"How would I know?" Thorensen climbed into the car, forcing his huge body into the seat as 
if loading in a sack of meal. "Anyway, he said he'd be down here at six o'clock. O.K., Radek?" 


"Thank you, Thorensen. We'll be here then." 


With a nod, Thorensen jerked the car into reverse, backing it across the street in a cloud of 
dust. He set off at speed, almost running down a passing soldier. 


"A rough diamond," Sanders commented. "If I can use the term here. Do you think he did 
get on to the Clairs?" 


Radek shrugged. "Probably. Thorensen isn't exactly reliable, but he owed me a small favor 
for some medicines. A difficult man, always up to some game of his own. But he's been useful to us. 
The other mine-owners have gone but Thorensen still has his big boat." 


Sanders looked around, remembering the attack on Ventress in the harbor at Port Matarre. 
"A large motorcruiser? With an ornamental cannon?" 


"Ornamental? That doesn't sound like Thorensen." Radek laughed. "I can't remember his 
boat--why do you ask?" 


"T thought I'd seen him before. What do we do now?" 


"Nothing. The Bourbon Hotel is about three miles from here, it's an old ruin. If we go there 
we might not get back in time." 


"It's strange--Suzanne Clair going off like that." 


"Perhaps she had a patient to see. You think it was something to do with your coming here?" 


"T hope not. . ." Sanders buttoned his jacket. "We might as well take a look at the forest until 
Max gets here." 


Following the visiting party, they turned down the next side-street. They approached the 
forest, which stood back on either side of the road a quarter of a mile away. The vegetation was 
sparser, the grass growing in clumps along the sandy soil. In the open space a mobile laboratory had 
been set up in a trailer, and a platoon of soldiers was wandering about, taking cuttings from the 
trees, which they laid like fragments of stained glass on a line of trestle tables. The main body of the 
forest circled the eastern perimeter of the town, cutting off the highway to Port Matarre and the 
south. 


Splitting up into twos and threes, they crossed the verge and began to walk among the glacé 
ferns which rose from the brittle ground. The sandy surface seemed curiously hard and annealed, 
small spurs of fused sand protruding from the newly formed crust. 


A few yards from the trailer two technicians were spinning several of the encrusted branches 
in a centrifuge. There was a continuous glimmer as splinters of light glanced out of the bowl and 
vanished into the air. All over the inspection area, as far as the perimeter fence under the trees, the 
soldiers and visiting officials tuned to watch. When the centrifuge stopped, the technicians peered 
into the bowl, where a handful of limp branches, their blanched leaves clinging damply to the metal 
bottom, lay stripped of their sheaths. Without comment, one of the technicians showed Dr. Sanders 
and Radek the empty liquor receptacle underneath. 


Twenty yards from the forest, a helicopter prepared for take-off. Its heavy blades rotated like 
drooping scythes, sending up a blaze of light from the disturbed vegetation. With an abrupt lurch it 
made a labored takeoff, swinging sideways through the air, and then moved across the forest roof, 
its churning blades gaining little purchase on the air. The soldiers and the visiting party stopped to 
watch the vivid discharge of light that radiated from the blades like St. Elmo's fire. Then, with a 
harsh roar like the bellow of a stricken animal, it slid backwards through the air and plunged tail- 
first toward the forest canopy a hundred feet below, the two pilots visible at their controls. Sirens 
sounded from the staff cars parked around the inspection area, and there was a concerted rush 
toward the forest as the aircraft disappeared from view. 


As they raced along the road Dr. Sanders felt its impact with the ground. A glow of light 
pulsed through the trees. The road led toward the point of the crash, a few houses looming at 
intervals at the ends of empty drives. 


"The blades crystallized while it was near the trees!" Radek shouted as they climbed over 
the perimeter fence. "You could see the crystals deliquescing. Let's hope the pilots are all right!" 


A sergeant blocked their way, beckoning back Sanders and the other civilians who were 
crowding along the fence. Radek shouted to the sergeant, who let Sanders go past, and then 
detached half a dozen of his men. The soldiers ran ahead of Radek and Dr. Sanders, stopping every 
twenty yards to peer through the trees. 


They were soon within the body of the forest, and had entered an enchanted world. The 
crystal trees around them were hung with glass-like trellises of moss. The air was markedly cooler, 
as if everything was sheathed in ice, but a ceaseless play of light poured through the canopy 
overhead. 


The process of crystallization was more advanced. The fences along the road were so 
heavily encrusted that they formed a continuous palisade, a white frost at least six inches thick on 
either side of the palings. The few houses between the trees glistened like wedding cakes, their 
white roofs and chimneys transformed into exotic minarets and baroque domes. On a lawn of green 
glass spurs a child's tricycle glittered like a Fabergé gem, the wheels starred into brilliant jasper 
crowns. 


The soldiers were still ahead of Dr. Sanders, but Radek had fallen behind, limping along and 
pausing to feel the soles of his boots. By now it was obvious to Sanders why the highway to Port 
Matarre had been closed. The surface of the road was now a carpet of needles, spurs of glass and 
quartz five or six inches high that reflected the colored light from the leaves above. The spurs tore 
at Sanders's shoes, forcing him to move hand over hand along the verge. 


"Sanders! Come back, Doctor!" The brittle echoes of Radek's voice, like a faint cry in an 
underground grotto, reached Sanders, but he stumbled on along the road, following the intricate 
patterns that revolved and expanded over his head like jeweled mandalas. 


Behind him an engine roared, and the Chrysler he had seen with Thorensen plunged along 
the road, the heavy tires cutting through the crystal surface. Twenty yards ahead it rocked to a halt, 
its engine stalled, and Thorensen jumped out. With a shout he waved Sanders back down the road, 
now a tunnel of yellow and crimson light formed by the forest canopies overhead. 


"Get back! There's another wave coming!" Glancing around wildly, as if searching for 
someone, he set off at a run after the soldiers. 


Dr. Sanders rested by the Chrysler. A marked change had come over the forest, as if dusk 
had begun to fall. Everywhere the glacé sheaths which enveloped the trees and vegetation had 
become duller and more opaque. The crystal floor underfoot was occluded and gray, turning the 
needles into spurs of basalt. The brilliant panoply of colored light had gone, and a dim amber glow 
moved across the trees, shadowing the sequined floor. At the same time it had become considerably 
colder. Leaving the car, Dr. Sanders began to make his way back down the road--Radek was still 
shouting soundlessly to him-- but the cold air blocked his path like a refrigerated wall. Turning up 
the collar of his tropical suit, Sanders retreated to the car, wondering whether to take refuge inside 
it. The cold deepened, numbing his face, and making his hands feel brittle and fleshless. 
Somewhere he heard Thorensen's hollow shout, and he caught a glimpse of a soldier running at full 
speed through the icegray trees. 


On the right of the road the darkness enveloped the forest, masking the outlines of the trees, 
and then extended in a sudden sweep across the roadway. Dr. Sanders's eyes smarted with pain, and 
he brushed away the crystals of ice that had formed over the eyeballs. As his sight cleared he saw 
that everywhere around him a heavy frost was forming, accelerating the process of crystallization. 
The spurs in the roadway were over a foot in height, like the spines of a giant porcupine, and the 
lattices of moss between the trees were thicker and more translucent, so that the trunks seemed to 
shrink into a mottled thread. The interlocking leaves formed a continuous mosaic. 


The windows of the car were covered by a heavy frost. Dr. Sanders reached for the door 
handle, but his fingers were stung by the intense cold. 


"You there! Come on! This way!" 


The voice echoed down a drive behind him. Looking around as the darkness deepened, Dr. 
Sanders saw the burly figure of Thorensen waving to him from the portico of a mansion near by. 
The lawn between them seemed to belong to a less somber zone, the grass still retaining its vivid 
liquid sparkle, as if this enclave were preserved intact like an island in the eye of a hurricane. 


Dr. Sanders ran up the drive toward the house. Here the air was at least ten degrees warmer. 
Reaching the porch, he searched for Thorensen, but the mine-owner had run off again into the 
forest. Uncertain whether to follow him, Sanders watched the approaching wall of darkness slowly 
cross the lawn, the glittering foliage overhead sinking into its pall. At the bottom of the drive the 
Chrysler was now encrusted by a thick layer of frozen glass, its windshield blossoming into a 
thousand fleur-de-lis crystals. 


Quickly making his way around the house, as the zone of safety moved off through the 
forest, Dr. Sanders crossed the remains of an old vegetable garden, where waist-high plants of green 
glass rose around him like exquisite sculptures. Waiting as the zone hesitated and veered off, he 


tried to remain within the center of its focus. 


For the next hour he stumbled through the forest, his sense of direction lost, driven from left 
to right by the occluding walls. He had entered an endless subterranean cavern, where jeweled rocks 
loomed out of the spectral gloom like huge marine plants, the sprays of grass forming white 
fountains. Several times he crossed and recrossed the road. The spurs were almost waist-high, and 
he was forced to clamber over the brittle stems. 


Once, as he rested against the trunk of a bifurcated oak, an immense multi-colored bird 
erupted from a bough over his head and flew off with a wild screech, aureoles of light cascading 
from its red and yellow wings. 


At last the storm subsided, and a pale light filtered through the stained-glass canopy. Again 
the forest was a place of rainbows, a deep iridescent light glowing around him. He walked down a 
narrow roadway which wound toward a large colonial house standing like a baroque pavilion on a 
rise in the center of the forest. Transformed by the frost, it seemed an intact fragment of Versailles 
or Fontainebleau, its pilasters and friezes spilling from the wide roof like sculptured fountains. 


The road narrowed, avoiding the slope which led up to the house, but its annealed crust, 
blunted like halffused quartz, offered a more comfortable surface than the crystal teeth of the lawn. 
Fifty yards ahead Dr. Sanders came across what was unmistakably a jeweled rowing boat set solidly 
into the roadway, a chain of lapis lazuli mooring it to the verge. He realized that he was walking 
along a small tributary of the river, and that a thin stream of water still ran below the crust. This 
vestigial motion in some way prevented it from erupting into the spur-like forms of the rest of the 
forest floor. 


As he paused by the boat, feeling the crystals along its sides, a huge four-legged creature 
half-embedded in the surface lurched forwards through the crust, the loosened pieces of lattice 
attached to its snout and shoulders shaking like a transparent cuirass. Its jaws mouthed the air 
silently as it struggled on its hooked legs, unable to clamber more than a few inches from the 
hollow trough in its own outline now filling with a thin trickle of water. Invested by the glittering 
light that poured from its body, the crocodile resembled a fabulous armorial beast. Its blind eyes had 
been transformed into immense crystalline rubies. It lunged toward him again, and Dr. Sanders 
kicked its snout, scattering the wet jewels that choked its mouth. 


Leaving it to subside once more into a frozen posture, Dr. Sanders climbed the bank and 
limped across the lawn to the mansion, whose fairy towers loomed above the trees. Although out of 
breath and very nearly exhausted, he had a curious premonition of hope and longing, as if he were 
some fugitive Adam chancing upon a forgotten gateway to the forbidden paradise. 


High in an upstairs window, the bearded man in the white suit watched him, the shotgun in 
his hands pointed at Sanders's chest. 


II. The illuminated man 


7 Mirrors and assassins 


Two months later, when describing the events of this period in a letter to Dr. Paul Derain, 
Director of the Fort Isabelle leper hospital, Sanders wrote: 


--but what most surprised me, Paul, was the extent to which I was prepared for the 
transformation of the forest--the crystalline trees hanging like icons in those luminous caverns, the 
jeweled casements of the leaves overhead, fused into a lattice of prisms, through which the sun 
shone in a thousand rainbows, the birds and crocodiles frozen into grotesque postures like heraldic 
beasts carved from jade and quartz--what was really remarkable was the extent to which I accepted 
all these wonders as part of the natural order of things, part of the inward pattern of the universe. 
True, to begin with I was as startled as everyone else making his first journey up the Matarre River 
to Mont Royal, but after the initial impact of the forest, a surprise more visual than anything else, I 
quickly came to understand it, knowing that its hazards were a small price to pay for its illumination 
of my life. Indeed, the rest of the world seemed drab and inert by contrast, a faded reflection of this 
bright image, forming a gray penumbral zone like some half-abandoned purgatory. 


All this, my dear Paul, the very absence of surprise, confirms my belief that this illuminated 
forest in some way reflects an earlier period of our lives, perhaps an archaic memory we are born 
with of some ancestral paradise where the unity of time and space is the signature of every leaf and 
flower. It's obvious to everyone now that in the forest life and death have a different meaning from 
that in our ordinary lack-lustre world. Here we have always associated movement with life and the 
passage of time, but from my experience within the forest near Mont Royal I know that all motion 
leads inevitably to death, and that time is its servant. 


It is, perhaps, our unique achievement as lords of this creation to have brought about the 
separation of time and space. We alone have given to each a separate value, a distinct measure of 
their own which now define and bind us like the length and breadth of a coffin. To resolve them 
again is the greatest aim of natural science--as you and I have seen, Paul, in our work on the virus, 
with its semianimate, crystalline existence, half-in and half-out of our own time-stream, as if 
intersecting it at an angle-- often I think that in our microscopes, examining the tissues of those poor 
lepers in our hospital, we were looking upon a minuscule replica of the world I was to meet later in 
the forest slopes near Mont Royal. 


However, all these belated efforts have now been brought to an end. As I write to you, here 
within the quiet and emptiness of the Hotel d'Europe at Port Matarre, I see a report in a two-week- 
old issue of _Paris-Soir_ (Louise Peret, the young Frenchwoman who is with me here, doing her 
best to look after the wayward whims of your former assistant, had hidden the paper from me for a 
week) that the whole of the Florida peninsula in the United States, with the exception of a single 
highway to Tampa, has been closed, and that to date some three million of the state's inhabitants 
have been resettled in other parts of the country. 


But apart from the estimated losses in real-estate values and hotel revenues (Oh, Miami," I 
cannot help saying to myself, "you city of a thousand cathedrals to the rainbow sun!") the news of 
this extraordinary human migration has prompted little comment. Such is mankind's innate 
optimism, our conviction that we can survive any deluge or cataclysm, that most of us 


unconsciously dismiss the momentous events in Florida with a shrug, confident that some means 
will be found to avert the crisis when it comes. 


And yet, Paul, it now seems obvious that the real crisis is long past. Tucked away on the 
back page of the same issue of _Paris-Soir_ is the short report of the sighting of another "double 
galaxy" by observers of the Hubble Institute on Mount Palomar. The news is summarized in less 
than a dozen lines and without comment, although the implication is inescapable that yet another 
focal area has been set up somewhere on the surface of the earth, in the temple-filled jungles of 
Cambodia or the haunted amber forests of the Chilean highland. But it is still only a year since the 
Mount Palomar astronomers identified the first double galaxy in the constellation Andromeda, the 
great oblate diadem that is probably the most beautiful object in the physical universe, the island 
galaxy M 31. Without doubt, these random transfigurations throughout the world are a reflection of 
distant cosmic processes of enormous scope and dimensions, first glimpsed in the Andromeda 
spiral. 


We now know that it is time ("time with the Midas touch," as Ventress described it) which is 
responsible for the transformation. The recent discovery of anti-matter in the universe inevitably 
involves the conception of antitime as the fourth side of this negatively charged continuum. Where 
anti-particle and particle collide they not only destroy their own physical identities, but their 
opposing time-values eliminate each other, subtracting from the universe another quantum from its 
total store of time. It is random discharges of this type, set off by the creation of anti-galaxies in 
space, which have led to the depletion of the time-store available to the materials of our own solar 
system. 


Just as a super-saturated solution will discharge itself into a crystalline mass, so the super- 
saturation of matter in our continuum leads to its appearance in a parallel spatial matrix. As more 
and more time "leaks" away, the process of super-saturation continues, the original atoms and 
molecules producing spatial replicas of themselves, substance without mass, in an attempt to 
increase their foot-hold upon existence. The process is theoretically without end, and it may be 
possible eventually for a single atom to produce an infinite number of duplicates of itself and so fill 
the entire universe, from which simultaneously all time has expired, an ultimate macrocosmic zero 
beyond the wildest dreams of Plato and Democritus. 


In parenthesis: reading this over my shoulder, Louise comments that I may be misleading 
you, Paul, by minimizing the dangers we all experienced within the crystalline forest. It's certainly 
true that they were very real at the time, as the many tragic deaths there testify, and that first day 
when I was trapped in the forest I understood nothing of these matters, beyond those which Ventress 
confided to me in his ambiguous and disjointed way. But even then, as I walked away from that 
jeweled crocodile up the sloping lawn towards the white-suited man watching me from the window, 
his shotgun pointed at my chest-- 


Lying back on one of the glass-embroidered chesterfields in the bedroom upstairs, Dr. 
Sanders rested after his chase through the forest. As he climbed the staircase he had slipped on one 
of the crystallizing steps and momentarily winded himself. Standing at the top of the staircase, 
Ventress had watched him clamber to his feet, the glacé panels splintering under his hands. 
Ventress's small face, the tight skin now mottled by vein-like colors, was without expression. His 
eyes gazed down, showing not even a flicker of response as Sanders grappled for his balance at the 
banisters. When Sanders at last reached the landing Ventress motioned him toward the floor with a 
curt gesture. He then took up his position at the window, driving the butt of the shotgun through the 
broken panes as they annealed themselves. 


Dr. Sanders brushed the frost off his suit, picking at the crystal splinters embedded like 
needles in his hands. The air in the house was cold and motionless, but as the Storm subsided, 


moving away across the forest, the process of vitrification seemed to diminish. Everything in the 
high-ceilinged room had been transformed by the frost. Several plate-glass windows appeared to 
have been fractured and then fused together above the carpet, and the ornate Persian patterns swam 
below the surface like the floor of some perfumed pool in the _Arabian Nights_. All the furniture 
was covered by the same glacé sheath, the arms and legs of the straight-backed chairs against the 
walls embellished by exquisite curlicues and helixes. The imitation Louis XV pieces had been 
transformed into huge fragments of opalescent candy, whose multiple reflections glowed like giant 
chimeras in the cut-glass walls. 


Through the doorway opposite, Dr. Sanders could see into a small dressing-room. He 
assumed he was sitting in the principal bedroom of an official residence maintained for some 
visiting government dignitary or the president of one of the mine companies. Although elaborately 
furnished--straight from the catalogues of a Paris or London department store--the room was devoid 
of all personal possessions. For some reason, the large double bed--a four-poster, Sanders guessed 
from the patch on the ceiling--had been removed, and the other furniture pushed to one side by 
Ventress. He still stood by the open window, peering down at the stream where the jeweled boat and 
the crocodile lay embalmed. His thin beard gave him a fevered and haunted aspect. Half-bent over 
his shotgun, he pressed closer to the window, ignoring the sections of crystal sheath that he 
dislodged from the heavy brocaded curtain. 


Dr. Sanders began to stand up, but Ventress waved him back. 


"Rest yourself, Doctor. We'll be here for some time." His voice had become harder and the 
gloss of ironic humor was absent. He glanced away from his gunbarrel. "When did you last see 
Thorensen?" 


"The mine-owner?" Sanders pointed through the window. "After we ran to search for the 
helicopter. Are you looking for him?" 


"In a manner of speaking. What was he doing?" 


Dr. Sanders turned up the collar of his jacket, brushing away the fine spurs of frost that 
covered the material. "He was running around in circles like the rest of us, completely lost." 


"Lost?" Ventress let out a derisive snort. "The man's as cunning as a pig! He knows every 
dell and cranny of this forest like the back of his hand." 


When Sanders stood up and approached the window Ventress beckoned him away 
impatiently. "Keep away from the window, Doctor." With a brief gleam of his old ironic humor, he 
added: "I don't want to use you as a decoy just yet." 


Ignoring this warning, Sanders glanced down at the empty lawn. Like footsteps in dew- 
covered grass, the dark prints of his shoes crossed the sequined surface, merging into the pale-green 
slope as the process of crystallization continued. Although the main wave of activity had moved off, 
the forest was still vitrifying itself. The absolute silence of the jeweled trees seemed to confirm that 
the affected area had multiplied many times in size. A frozen calm extended as far as he could see, 
as if he and Ventress were lost somewhere in the grottoes of an immense glacier. To emphasize their 
proximity to the sun, everywhere there was the same corona of light. The forest was an endless 
labyrinth of glass caves, sealed off from the remainder of the world and lit by subterranean lamps. 


Ventress relaxed for a moment. Raising one foot to the window-sill, he surveyed Dr. 
Sanders. "A long journey, Doctor, but one worth making?" 


Sanders shrugged. "I haven't reached the end of it yet, by any means--I've still got to find my 
friends. However, I agree with you, it's an extraordinary experience. There's something almost 
rejuvenating about the forest. Do you--?" 


"Of course, Doctor." Ventress turned back to the window, silencing Sanders with one hand. 
The frost glimmered on the shoulders of his white suit in a faint palimpsest of colors. He peered 


down at the crystal vegetation along the stream. After a pause he said: "My dear Sanders, you're not 
the only one to feel these things, let me assure you.” 


"You've been here before?" Sanders asked. 


"Do you mean--_déja vu?_" Ventress looked round, his small features almost hidden behind 
the beard. Dr. Sanders hesitated. "I meant literally," he said. 


Ventress ignored this. "We've all been here before, Doctor, as everyone will soon find out--if 
there's _time_." He pronounced the word with a peculiar inflexion of his own, drawing it out like 
the tolling of a bell. He listened to the last echoes reverberate away among the crystal walls, like a 
fading requiem. "However, I feel that's something we're all running out of, Doctor--do you agree?" 


Dr. Sanders tried to massage some warmth into his hands. His fingers felt brittle and 
fleshless, and he looked at the empty fireplace behind him, wondering whether this ornate recess, 
guarded on either side by a large gilt dolphin, had been fitted with a chimney flue. Yet despite the 
cold air in the house he felt less chilled than invigorated. 


"Running out of time?" he repeated. "I haven't thought about it yet. What's your 
explanation?" 


"Isn't it obvious, Doctor? Doesn't your own 'specialty,' the dark side of the sun we see 
around us here, provide a clue? Surely leprosy, like cancer, is above all a disease of time, a result of 
over-extending oneself through that particular medium?" 


Dr. Sanders nodded as Ventress spoke, watching the man's skull-like face come alive as he 
discussed this element that he appeared, on the surface at least, to despise. "It's a theory," he agreed 
when Ventress had finished. "Not--" 


"Not scientific enough?" Ventress threw his head back. In a louder voice, he declaimed: 
"Look at the viruses, Doctor, with their crystalline structure, neither animate nor inanimate, and 
their immunity to time!" He swept a hand along the sill and scooped up a cluster of the vitreous 
grains, then scattered them across the floor like smashed marbles. "You and I will be like them 
soon, Sanders, and the rest of the world. Neither living nor dead!" 


At the end of this tirade Ventress turned away and resumed his scrutiny of the forest. A 
muscle flickered in his left cheek, like distant lightning marking the end of a storm. 


"Why are you looking for Thorensen?" Dr. Sanders asked. "Are you after his diamond 
mine?" 


"Don't be a fool!" Ventress swore over his shoulder. "That's the last thing--gem-stones are no 
rarity in this forest, Doctor." With a comtemptuous gesture he scraped a mass of crystals from the 
material of his suit. "If you want I'll pluck you a necklace of Hope diamonds." 


"What are you doing here?" Dr. Sanders asked evenly. "In this house?" 
"Thorensen lives here." 


"What?" Incredulously, Sanders looked again at the ornate furniture and gilded mirrors, 
thinking of the burly man in the blue suit at the wheel of the dented Chrysler. "I saw him for only a 
few moments, but it doesn't seem in character." 


"Precisely. I've never seen such bad taste." Ventress nodded to himself. "And believe me, as 
an architect I've seen plenty. The whole house is a pathetic joke." He pointed to one of the 
marquetry divans with a spiral bolster that had transformed itself into a brilliant parody of a rococo 
cartouche, the helix twisting like the overgrown horns of a goat. "Louis Nineteen, perhaps?" 


Carried away by his jibes at the absent Thorensen, Ventress had turned his back on the 
window. Looking past him, Dr. Sanders saw the crocodile trapped in the stream lift on its weak legs, 
as if snapping at a passer-by. Interrupting Ventress, Sanders pointed down at it, but another voice 


anticipated him. 
"Ventress!" 


The shout, an angry challenge, came from the crystal shrubbery along the left-hand margins 
of the lawn. A second later a shot roared out into the cold air. As Ventress swung round, pushing 
Sanders away with one hand, the bullet crashed into the ceiling over their heads, bringing down a 
huge lattice-like section that splintered around their feet into a mass of flattened needles. Ventress 
flinched back, and then blindly fired off a shot at the shrubbery. The report echoed around the 
petrified trees, shaking loose their vivid colors. 


"Keep down!" Ventress scuttled along the floor to the next window, then worked the barrel 
of the shotgun through the frosted panes. After his initial moment of stunned panic he had recovered 
his wits, and even seemed to seize on this chance of a confrontation. He peered down at the garden, 
then stood up when the cracking of a distant tree appeared to mark the retreat of their hidden 
assailant. 


Ventress walked across to Sanders, who was standing with his back to the wall beside the 
window. 


"All right. He's gone." 


Sanders hesitated before moving. He glanced around the trees at the edges of the lawn, 
trying not to expose more than a glimpse of himself. At the far end of the lawn, framed between two 
oaks, a white gazebo had been transformed by the frost into a huge crystal crown. Its glass 
casements winked like inlaid jewels, as if something were moving behind them. Ventress, however, 
stood openly in front of the window, surveying the scene below. 


"Was that Thorensen?" Sanders asked. 


"Of course." This brief passage-at-arms seemed to have relaxed Ventress. The shotgun 
cradled loosely in his elbow, he strolled around the room, now and then pausing to examine the 
puncture left by the bullet in the ceiling. For some reason he obviously assumed that Sanders had 
taken his side in this private duel, perhaps because Sanders had already saved him from the attack in 
the native harbor at Port Matarre. Sanders's actions, however, had been little more than reflex, as 
Ventress no doubt was aware. Patently Ventress was not a man who ever felt under much obligation 
to other people, whatever they might have done for him, and Sanders guessed that in fact Ventress 
had sensed some spark of kinship during their voyage by steamer from Libreville and that he would 
plunge his entire sympathy or hostility upon such a chance encounter. 


The movement inside the gazebo had ended. Sanders stepped forward from his hiding place 
behind the window. 


"The attack on you in Port Matarre--were those Thorensen's men?" 
Ventress shrugged. "You might well be right, Doctor. Don't worry, I'll look after you." 


"You'll have your work cut out--those thugs meant business. From what the army captain at 
the base told me the diamond companies don't intend to let anything get in their way." 


Ventress shook his head, exasperated by Sanders's obtuseness. "Doctor! You persist in 
finding the most trivial reasons--obviously you have no idea of your real motives! For the last time, 
I am not interested in Thorensen's damned diamonds--and nor is Thorensen! The matter between 
us--" He broke off, staring vaguely through the window, his face for the first time showing any sign 
of fatigue. In a distracted voice, more to himself, he went on: "Believe me, I respect Thorensen-- 
however crude, he understands that we have the same aim, it's a question of method--" Ventress 
swung on his heel. "We'd better leave now," he announced. "There's no point in staying. Where are 
you going?" 


"Mont Royal, if that's possible." 


"It won't be." Ventress pointed through the window. "The storm center is directly between 
here and the town. Your only hope is to reach the river and follow it back to the army base. Whom 
are you looking for?" 


"A former colleague of mine and his wife. Do you know the Bourbon Hotel? It's some 
distance from the town. Their mission hospital is near the hotel." 


"Bourbon?" Ventress screwed up his face. "Sounds like the wrong century--you're out of 
time again, Sanders." He made for the door. "It's an old ruin, God only knows where. You'll have to 
stay with me until we reach the edge of the forest, then work your way back to the army base." 


Testing each step, they went down the crystallizing staircase. Halfway down, Ventress, who 
was in the lead, stopped and beckoned Sanders forward. 


"My pistol." He patted his shoulder holster. "I'll follow you. See if you notice anything from 
the door." 


As he retraced his steps. Sanders walked across the empty hail. He paused among the 
jeweled pillars, uneager, whatever Ventress's instructions, to expose himself in the wide doorway 
with its colonnaded portico. From the center of the hail the garden and trees beyond were silent, and 
he turned and waited among the pillars by the alcove on his left, dozens of reflections of himself 
glowing in the glass-sheathed walls and furniture. 


Involuntarily Sanders raised his hands to catch the rainbows of light that ran around the 
edges of his suit and face. A legion of El Dorados, all bearing his own features, receded in the 
mirrors, more images of himself as the man of light than he could have hoped for. He studied a 
reflection of himself in profile, noticing how the bands of color softened the drawn lines of his 
mouth and eyes, blurring the residue of time there that had hardened the tissues like the scales of 
leprosy itself. For a moment he seemed twenty years younger, the ruddy overlay of colors on his 
cheeks more skilful than the palette of any Rubens or Titian. 


Turning his attention to the reflection facing his own, Sanders noticed with surprise that 
among these prismatic images of himself refracted from the sun he had found one darker twin. The 
profile and features were obscured, but the skin was almost ebony in color, reflecting the mottled 
blues and violets of the opposite end of the spectrum. Somehow menacing in this company of light, 
the somber figure stood motionlessly with its head turned away from him, as if aware of its negative 
aspect. In its lowered hand a lance of silver light flared like a star in a chalice. 


Abruptly Sanders leapt behind the pillar on his left, as the Negro hiding in the alcove lunged 
forward across him. The knife flashed in the air past Sanders's face, its white light diving among the 
reflections that swerved like drunken suns around the two men, the colors bleeding off their arms 
and legs. Sanders kicked at the Negro's hand, half-recognizing one of the thugs he had seen on the 
catwalk at Port Matarre. Crouching down, his bony pointed face almost between his knees, the 
Negro feinted with the knife. Sanders moved back toward the staircase, and then saw the giant 
mulatto in the bush-shirt watching from behind a bookcase in the drawing room, a Colt automatic in 
his scarred hand. The frost outside had given his dark face a luminous sheen. 


Before Sanders could shout up to Ventress, a shot roared out through the air over his head. 
Ducking down, he saw the Negro with the knife knocked to the floor, his heels kicking in pain. The 
punctured lattice on the wall behind him slid and shattered across a divan, and the Negro picked 
himself up and raced like a wounded animal through the entrance. A second shot followed him from 
the staircase, and Ventress moved down from his vantage point behind the banister. His tight face 
hidden behind the stock of the shotgun, he beckoned Sanders away from the entrance to the drawing 
room. The mulatto hiding by the bookcase ran across the room, firing once as he stopped below the 
chandelier, the impact of the explosion showering the light from the cutglass pendants like rain over 


his cropped head. He shouted at a tall white-skinned man in a leather jerkin who stood by the far 
wall, with his back to the staircase opening a safe over the ornamental fireplace. 


Covering him, the mulatto fired through the door. The man by the safe dragged a small 
strongbox from the upper shelf as Ventress upended the mahogany hall stand across the archway. 
The strongbox fell to the floor, and dozens of rubies and sapphires scattered between the tall man's 
feet. Ignoring Ventress, who was trying to get in a shot at the mulatto, he bent down and scooped 
some of the stones into his big hands. Then he and the mulatto turned and ran for the French 
windows, crushing aside the light frames with their shoulders. 


Leaping over his barricade, Ventress entered the drawing room, darting in and out of the 
overstuffed settees and armchairs. As his quarry disappeared through the trees Ventress reached the 
windows, then reloaded his gun with the shells in his pocket and fired a parting shot over the lawn. 


He moved the barrel in Sanders's direction as the latter stepped over the hall stand into the 
room. 


"Right, Doctor, all clear?" Ventress was breathing rapidly, his small shoulders moving about 
in an excess of nervous energy. "What's the matter? He didn't touch you, did he?" 


Sanders went over to him. He pushed aside the gunbarrel, which Ventress still held toward 
him. He stared down at the bearded man's bony face and over-excited eyes. 


"Ventress! You knew they were here all along--you were bloody well using me as a decoy!" 


He broke off. Ventress was paying no attention to him, and was peering left and right 
through the French windows. Sanders turned away, a sense of limp calm coming over his fatigue. 
He noticed the jewels sparkling on the floor. "I thought you said Thorensen wasn't interested in 
gem-stones." 


Ventress turned to look at Sanders, and then down at the floor below the safe. Half-dropping 
his shotgun, he bent over and began to touch the stones where they lay, as if puzzled to find them 
there. He absently pocketed a few of them, then gathered the rest together and stuffed them into his 
trousers. 


He went back to the windows. "You're right, Sanders, of course," he said in a flat voice. "But 
I was thinking of your safety, believe me." Then he snapped: "Let's get out of here." 


As they made their way across the lawn, Ventress lagged behind a second time. Sanders 
stopped, looking back at the house which loomed behind them among the trees like a giant wedding 
cake. Ventress was staring at the handful of gem-stones in his hand. The bright sapphires slipped 
between his fingers and lay on the sequined grass behind him, illuminating his footprints as he 
entered the dark vaults of the forest. 


8 The summer house 


For an hour they moved along the fossilized stream. Ventress remained in the lead, the 
shotgun held warily in front of him, his movements neat and deliberate, while Sanders limped 
behind. Now and then they passed a power-cruiser embedded in the crust, or a vitrified crocodile 
reared upwards and grimaced at them soundlessly, its mouth choked with jewels as it shifted in a 
fault of colored glass. 


Always Ventress was on the lookout for Thorensen. Which of them was searching for the 
other, Sanders could not discover, nor the subject of their blood feud. Although Thorensen had 


twice attacked him, Ventress almost seemed to be encouraging Thorensen, deliberately exposing 
himself as if trying to trap the mineowner. 


"Can't we get back to Mont Royal?" Dr. Sanders shouted, his voice echoing among the 
vaults. "We're going deeper into the forest." 


"The town is cut off, my dear Sanders. Don't worry, I'll take you there in due course." 
Ventress leapt nimbly over a fissure in the surface of the stream. Below the mass of dissolving 
crystals, a thin stream of fluid rilled down a buried channel. 


Led by this white-suited figure with his preoccupied gaze, they moved on through the forest, 
sometimes in complete circles, as if Ventress were familiarizing himself with the topography of his 
jeweled twilight world. Whenever Dr. Sanders sat down to rest on one of the vitrified trunks and 
brushed away the crystals forming on the soles of his shoes, despite their constant movement, 
Ventress would wait impatiently, watching Sanders with ruminative eyes as if deciding whether to 
abandon him to the forest. The air was always icy, the dark shadows closing and unfolding around 
them. 


Then, as they pressed on into the forest, leaving the stream in the hope of joining the river 
lower down its course, they came across the wreck of the crashed helicopter. 


At first, as they passed the aircraft lying like an emblazoned fossil in a small hollow to the 
left of their path, Dr. Sanders failed to recognize it. Ventress stopped. With a somber expression he 
pointed to the huge machine, and Sanders remembered the helicopter plunging into the forest half a 
mile from the inspection site. The four twisted blades, veined and frosted like the wings of a giant 
dragonfly, had already been overgrown by the trellises of crystals hanging downwards from the 
near-by trees. The fuselage of the craft, partly buried in the ground, had blossomed into an 
enormous translucent jewel, in whose solid depths, like emblematic knights mounted in the base of 
a medieval ring stone, the two pilots sat frozen at their controls. Their silver helmets gave off an 
endless fountain of light. 


"You won't help them now." A rictus of pain twisted Ventress's mouth. Averting his face, he 
began to move away. "Come on, Sanders, or you'll soon be like them. The forest is changing all the 
time." 


"Wait!" Sanders climbed over the fossilized undergrowth, kicking away pieces of the glass- 
like foliage. He pulled himself around the dome of the cockpit canopy. "Ventress! There's a man 
here!" 


Together they climbed down into the floor of the hollow below the starboard side of the 
helicopter. Stretched out over the serpentine roots of a giant oak, across which he had been trying to 
drag himself, was the crystallized body of a man in military uniform. His chest and shoulders were 
covered by a huge cuirass of jeweled plates, the arms enclosed in the same gauntlet of annealed 
prisms that Sanders had seen on the man dragged from the river at Port Matarre. 


"Ventress, it's the army captain! Radek!" Sanders gazed into the visor that covered the man's 
head, now an immense sapphire carved in the shape of a conquistador's helmet. Refracted through 
the prisms that had efiloresced from the man's face, his features seemed to overlay one another in a 
dozen different planes, but Dr. Sanders could still recognize the weak-chinned face of Captain 
Radek, the physician in the army medical corps who had first taken him to the inspection site. He 
realized that Radek had gone back after all, probably searching for Sanders when he failed to 
emerge from the forest, and instead had found the two pilots in the helicopter. 


Now rainbows glowed in the dead man's eyes. 


"Ventress!" Sanders remembered the drowned man in the harbor at Port Matarre. He pressed 
his hands against the crystal breast-plate, trying to detect any signs of warmth within. "He's still 
alive inside this, help me to get him out of here!" When Ventress stood up, shaking his head over 
the glittering body, Sanders shouted: "Ventress, I know this man!" 


Gripping his shotgun, Ventress began to climb out of the hollow. "Sanders, you're wasting 
your time." He shook his head, his eyes roving between the trees around them. "Leave him there, 
he's made his own peace." 


Pushing past him, Sanders straddled the crystalline body and tried to lift it from the hollow. 
The weight of the body was enormous, and he could barely move one of the arms. Part of the head 
and shoulder, and the entire length of the right arm, had annealed themselves to the crystal 
outgrowths from the base of the oak. As Sanders began to kick at the winding roots, trying to free 
the body, Ventress shouted in warning. Wrenching at the body, Sanders managed to jerk it free. 
Several pieces of the crystal sheath fell from the face and shoulders. 


With a cry Ventress jumped down into the hollow. He held Sanders's arm tightly. "For God's 
sake--!" he began, but when Sanders pushed him aside he gave up and turned away. 


After a pause, his small bitter eyes watching Sanders, he stepped forward and helped him lift 
the jeweled body from the hollow. 


A hundred yards ahead they reached the bank of the stream. The tributary had expanded into 
a channel some ten yards in width. In the center the fossilized crust was only a few inches thin, and 
they could see the running water below. Leaving Radek's glistening body on the bank, where it lay 
with arms outstretched, slowly deliquescing, Dr. Sanders snapped a large bough off one of the trees 
and began to break the crust over the water. As he drove the branch downwards the crystals 
fractured easily, and within a few minutes he had opened a circular aperture three or four yards 
wide. He dragged the branch over to the bank where Radek lay. Bending down, he lifted the body 
on to the branch and lashed Radek's shoulders to it with his belt. With luck the timber would 
support Radek's head above the water long enough for him to regain consciousness as the crystals 
dissolved in the moving current. 


Ventress made no comment, but continued to watch Sanders with his bitter eyes. Propping 
his shotgun against a tree, he helped Sanders carry the body to the aperture above the water. Each 
holding one end of the bough, they lowered Radek feet-first into the water. The stream moved 
quickly and they watched the body swirl away down the white tunnel. The washed crystals on 
Radek's arms and legs glimmered below the water, his half-submerged head resting on the bough. 
Dr. Sanders limped across to the bank. He sat down on the marbled sand, picking at the sharp 
needles that pierced his palms and fingers. "There's a chance, that's all, but worth taking,” he said. 
Ventress was standing a few feet away from him. "They'll be watching downriver, perhaps they'll 
see him." 


Ventress walked up to Sanders. His small body was held stiffly, his bearded chin tucked in. 
The muscles of his bony face moved his mouth soundlessly, as if he were composing his reply with 
great care. He said: "Sanders, you were too late. One day you'll know what you took away from that 
man." 


Dr. Sanders looked up. "What do you mean?" Irritably, he snapped: "Ventress, I owed that 
man something.” 


Ventress ignored this. "Just remember, Doctor--if you ever find me like that, _leave me_. Do 
you understand?" 


They moved off through the forest, neither speaking to the other, Sanders sometimes failing 
fifty yards behind Ventress. Several times he thought Ventress had abandoned him, but always the 
white-suited figure, his hair and shoulders covered with a fine fur of frost, appeared into view 
before him. Although exasperated by Ventress's callousness and lack of sympathy for Radek, 
Sanders sensed that there might be some other explanation for his behavior. 


At last they reached the fringes of a small clearing, bounded on three sides by the fractured 
dancing floor of an inlet to one side of the river. On the opposite bank a high-gabled summer house 
pushed its roof toward the sky through a break in the overhead canopy. From the single spire a 
slender web of opaque strands extended to the surrounding trees like a diaphanous veil, investing 
the glass garden and the crystalline summer house with a marble sheen, almost sepulchral in its 
intensity. 


As if reinforcing this impression, the windows on to the veranda around the house were 
encrusted with elab orate scroll-like patterns, like the ornamented casements of a tomb. 


Waving Sanders back, Ventress approached the fringes of the garden, his shotgun raised 
before him. For the first time since Sanders had known him, Ventress seemed uncertain of himself. 
He gazed across at the summer house, like an explorer venturing upon some strange and enigmatic 
shrine in the depths of the jungle. 


High above him, its wings pinioned by the glass canopy, a golden oriole flexed slowly in the 
afternoon light, the ripples of its liquid aura circling outwards like the rays of a cruciform sun. 


Ventress drew himself together. After waiting for any sign of movement from the summer 
house, he darted from tree to tree, then crossed the frozen surface of the river with a feline step. Ten 
yards from the summer house he stopped again, distracted by the glowing oriole in the canopy 
above his head. 


"It's Ventress--take him!" 


A shot roared into the clearing, its report echoing around the brittle foliage. Startled, 
Ventress crouched down on the steps of the summer house, peering up at its sealed windows. From 
the edge of the clearing fifty yards behind him appeared a tall blond-haired man in a black leather 
jerkin, the mine-owner Thorensen. Revolver in hand, he raced toward the summer house. He 
stopped and fired again at Ventress, the roar of the explosion reverberating around the clearing. 
Behind Dr. Sanders the crystal trellises of the moss suspended from the trees frosted and collapsed 
like the collapsing walls of a house of mirrors. 


The back door of the summer house opened. A naked African, his left leg and the left side of 
his chest and waist covered with white surgical plaster, stepped out on to the veranda, a rifle in his 
hands. Moving stiffly, he leaned himself against a pillar, then fired off a shot at Ventress crouching 
on the steps. 


Leaping down from the veranda, Ventress made off like a hare across the river, bent almost 
double as he darted over the faults in the surface. With a last backward glance, his thin bearded face 
contorted with fear, he raced toward the trees, Thorensen's burly figure lagging behind him. 


Then, as Ventress reached the bend in the inlet, where it widened in its approach toward the 
river, the cropheaded figure of the mulatto rose from his hiding place among the sprays of swamp 
grass growing like silver fans from the edge of the bank. His immense black body, etched clearly 
against the surrounding forest by its white outline of frost, leapt forward like a bull about to gore a 
fleeing matador. Ventress passed within a few feet of him, and the mulatto whipped one arm and 
tossed a steel net through the air over Ventress's head. Knocked off balance, Ventress sidestepped 
and fell, then slid ten yards across the frozen surface, his startled face peering through the open 
mesh: 


With a satisfied grunt, the mulatto pulled a long panga from his belt and lumbered forward 
to the small figure lying like a trussed animal in front of him. Ventress kicked at the net, trying to 
free the shotgun. Ten feet away, the mulatto slashed the air experimentally, then ran forward to 
deliver the coup de grace. 


"Thorensen! Call him back!" Sanders shouted. The rapidity with which all this had happened 
left Sanders standing by the edge of the clearing, his ears ringing with the explosions. He shouted 
again at Thorensen, who was waiting arms akimbo below the steps of the summer house. His long 


face was half averted, as if he preferred to take no part in this final moment. 


Still lying on his back on the ground, Ventress had partly freed himself from the net. Letting 
go of the shotgun, he pulled the net around his waist. The mulatto towered over him, the panga 
raised behind his head. 


With an epileptic twist, Ventress managed to move a few feet away. The mulatto roared with 
laughter, then let out a bellow of anger. The crystal surface had given way beneath his huge feet, 
and he sank up to his knees through the crust. With a heave he lifted himself on to the surface on 
one leg, then sank through it again as he pulled out the other. Ventress kicked the net away, and the 
mulatto reached forward and slashed at the ice a few inches from his heels. 


Ventress stumbled to his feet. The shotgun was still entangled in the net, and he seized the 
bundle and ran off across the surface, sliding in and out of the half-crystallized patches. Behind him 
the mulatto charged like a berserk sea lion through the collapsing crust, hacking it out of his way 
with blows of the panga. 


Ventress was out of reach. Here, where the inlet widened, the deeper channel of water 
running below to join the river was covered only by a thin crust. The surface frosted under 
Ventress's feet, but the winding lanes of firm ice held beneath his small figure. Within twenty yards 
he had reached the shore and darted away among the trees. 


As a final shot rang out after him from the bandaged African on the veranda of the summer 
house, Dr. Sanders stood in the center of the clearing. He watched the mulatto wallowing in his 
trough of half-damp crystals, slashing at them angrily and sending up a shower of rainbowing light. 


"You! Come here!" Thorensen gestured Sanders toward him with his revolver. The leather 
jerkin he wore over his blue suit made his large frame seem trimmer and more muscular. Below the 
blond hair his long face wore an expression of sullen moodiness. When Sanders approached he 
scrutinized him warily. "What are you doing with Ventress? Aren't you one of the visiting party? I 
saw you on the quay with Radek." 


Dr. Sanders was about to speak when Thorensen held up his hand. With a gesture at the 
African on the veranda, who moved his rifle to cover Sanders, Thorensen walked off in the 
direction of the mulatto. "I'll see you in a minute--don't try to run for it." 


The mulatto had climbed up on to the firmer surface near the summer house. As Thorensen 
approached he began to gesticulate and shout, waving his panga at the broken surface as if trying to 
cover up his failure to catch Ventress. Thorensen nodded, then dismissed him with a bored wave. 
Walking forward across the surface, he began to test the half-formed crystals with his feet. For 
several minutes he paced up and down, gazing in the direction of the river, as if marking out the 
dimensions of the subterranean channels. 


He returned to Sanders, the damp crystals on his shoes giving off glimmers of colored light. 
He listened in a distracted way as Sanders explained how he had been trapped in the forest after the 
crash of the helicopter. Sanders described his accidental meeting with Ventress and, subsequently, 
the discovery of Radek's body. Remembering Ventress's bitter protests at the time, Sanders stressed 
his reasons for this apparent attempt to drown a dead man. 


Thorensen nodded dourly. "Maybe he has a chance." As if to reassure Sanders, he added: 
"You did the right thing." 


The mulatto and the naked African half-swathed in surgical tape were sitting on the steps of 
the veranda. The mulatto was honing his panga, while the other rested his rifle on his one bare knee, 
scanning the forest. He had the slim intelligent face of a young clerk or junior foreman, and now 
and then glanced at Sanders with the look of a man who recognized another member, however 
remote, of the same educated caste. Sanders remembered him as the knife-wielding attacker whose 
dark reflection he had confused with his own in the hall of mirrors at Thorensen's house. 


Thorensen was gazing over one shoulder at the windows of the summer house, only half- 
aware of Sanders standing beside him. Sanders noticed that, unlike Ventress's suit and his own 
clothes, Thorensen's leather jerkin was unaffected by the frost. "Can you take me back to the army 
post?" he asked Thorensen. "I've been trying to get out of the forest for hours. Do you know the 
Bourbon Hotel?" 


A morose frown twisted Thorensen's long face. "The army's a long way off. The freeze is 
spreading all through the forest." He pointed across the river with his revolver. "What about 
Ventress? The bearded man. Where did you meet him?" 


Sanders explained himself again. Neither Thorensen nor the mulatto recognized him as 
Ventress's defender during the attack at Port Matarre. "He was taking shelter in a house near the 
river. Your house, he said. Why were you shooting at him? Is he some sort of criminal--trying to 
steal from your mine?" 


There was a laugh at this from the young African with the rifle. Thorensen nodded without 
expression. His manner was furtive and shifty, as if unsure of himself and what to do with Sanders. 
"Worse than that. He's a madman, completely crazy." 


He turned and started to walk up the steps, waving to Sanders as if prepared to let him make 
his own way into the forest. "You'd better be careful, there's no knowing what the forest is going to 
do. Keep moving, but circle around on yourself." 


"Wait a minute!" Sanders called after him. "I want to rest here. I need a map, I've got to find 
this Bourbon Hotel." 


"A map? What good is a map now?" Thorensen hesitated, glancing up at the summer house 
as if worried that Sanders might in some way defile its luminous whiteness. As the doctor's arms 
fell limply to his sides Thorensen shrugged and beckoned his two men to follow him. 


"Thorensen!" Sanders stepped forward. He pointed to the young African with the bandaged 
leg, "Let me look at his dressing and make him more comfortable. I'm a doctor." 


The three men on the veranda turned together, even the big mulatto watching Sanders with 
interest. A note of calculation crossed his bilious eyes. Thorensen was looking down at Sanders as if 
recognizing him for the first time. 


"A doctor? Yes, Radek said--I remember. All right, Doctor--?" 
"Sanders. I've nothing with me, no drugs or--" 


"That's O.K., Doctor," Thorensen said. "That's good, in fact." He nodded to himself, as if 
still uncertain to invite Sanders into the summer house. Then he relented. "Right, Doctor, you can 
come in for five minutes. I might want to ask you for something." 


Dr. Sanders climbed the steps onto the veranda. The summer house consisted of a single 
circular room and a small kitchen and store at the rear. Heavy shutters had been placed over the 
windows, now locked to the casements by the interstitial crystals, and the only light entered through 
the door. 


Thorensen glanced around at the forest and then holstered his pistol. As the two Africans 
made their way round to the back Thorensen turned the door handle. Through the frosted panes Dr. 
Sanders saw the dim outlines of a high four-poster bed, obviously that removed from the bedroom 
in the mansion where he and Ventress had sheltered from the storm. Gilded cupids played about the 
mahogany canopy, pipes to their lips, and four naked caryatids with upraised arms formed the 
corner posts. 


Thorensen cleared his throat. "Mrs.--Ventress," he explained at last in a low voice. 


9 Serena 


They gazed down at the occupant of the bed, who lay back on a large satin bolster, a febrile 
hand on the silk counterpane. At first Dr. Sanders thought he was looking at an elderly woman, 
probably Ventress's mother, and then realized that in fact she was little more than a child, a young 
woman in her early twenties. Her long platinum hair lay in a white shawl over her shoulders, her 
thin high-cheeked face raised to the scanty light. Once she might have had a nervous porcelain 
beauty, but her wasted skin and the fading glow of light in her half-closed eyes gave her the 
appearance of someone preternaturally aged, reminding Dr. Sanders of his patients in the children's 
ward at the hospital near the _léproserie_ in the last minutes before their death. 


"Thorensen." Her voice cracked in the amber gloom. "It's getting cold again. Can't you light 
a fire?" 


"The wood won't burn, Serena. It's all turned into glass." Thorensen stood at the foot of the 
bed, peering down at the young woman. In his leather jacket he looked like a policeman uneasily on 
duty in a sick-room. He unzipped the jacket. "I brought these for you, Serena, they'll help you." 


He leaned forward, hiding something from Dr. Sanders, and then spilled several handfuls of 
red and blue gem-stones across the counterpane. Rubies and sapphires of many sizes, they glittered 
in the thinning afternoon light with a fevered power. 


"Thorensen, thank you--" The girl's free hand scuttled across the counterpane to the stones. 
Her childlike face had become almost vulpine with greed. An expression of surprising craftiness 
came into her eyes, and Sanders sensed why the burly mine-owner treated her with such deference. 
Seizing a handful of the jewels, she brought them up to her neck and pressed them tightly against 
her skin, where the bruises formed like fingerprints. Their contact seemed to revive her and she 
stirred her legs, several of the jewels slipping to the floor. She gazed up at Dr. Sanders, and then 
turned to ThorenSen. 


"What were you shooting at?" she asked after an interval. "There was a gun going off. It 
gave me a headache." 


"Just a crocodile, Serena. There are some smart crocodiles around here. I have to watch 
them." 


The young woman nodded. With a hand still clutching the jewels she pointed at Sanders. 
"Who's he? What's he doing here?" 


"He's a doctor, Serena. Captain Radek sent him, he's all right." 
"But you said I didn't need any doctors." 


"You don't, Serena, I know that. Dr. Sanders here was just looking by, to see one of the 
men." During this labored catechism Thorensen kneaded the lapels of his jacket, looking 
everywhere around the room but at Serena. 


Sanders moved closer to the bed, assuming that Thorensen would now let him examine the 
young woman. Her tubercular breathing and severe anemia needed little further diagnosis, but he 
reached forward to take her wrist. 


"Doctor--" On some kind of confused impulse Thorensen pulled him back from the bed. He 
made an uncertain gesture with one hand, then waved Sanders toward the kitchen door. "I think 
later, Doctor--right?" He turned quickly to the young woman. "You get some rest now, Serena." 


"But, Thorensen, I need more of these, you only brought me a few today--" Her hand, like a 
claw, searched the counterpane for the jewels, the handfuls that Thorensen and the mulatto had 
taken from the wallsafe earlier that afternoon. 


Sanders was about to protest, but the young woman turned away from them and seemed to 
subside into sleep, the jewels lying like scarabs on the white skin of her breast. 


Thorensen nudged Sanders with his elbow. They stepped into the kitchen. Before he closed 
the door Thorensen looked down at the young woman with wistful eyes, as if frightened that she 
might dissolve into dust if he left her. 


Only half-aware of Sanders, he said: "We'll have something to eat." 


At the far end of the kitchen, by the door, the mulatto and the naked African sat on a bench, 
half-asleep over their weapons. The kitchen was almost empty. A disconnected refrigerator stood on 
the cold stove. Thorensen opened the door and began to empty the remainder of the jewels from his 
pockets on to the shelves, where they lay like cherries among the half-dozen cans of corned beef 
and beans. A light glacé frost covered the enamel exterior of the refrigerator, as everything else in 
the kitchen, but the inner walls of the cabinet remained unaffected. 


"Who is she?" Dr. Sanders asked as Thorenson prised the lid off a can. "You've got to get her 
away from here. She needs careful treatment, this is no place for--" 


"Doctor!" Thorensen raised a hand to silence Sanders. He seemed always to be concealing 
something, his eyes fractionally lowered below Sanders's. "She's my--wife, now," he said with 
curious emphasis, as if still trying to establish the fact in his mind. "Serena. She's safer here, as long 
as I watch out for Ventress." 


"But he's only trying to save her! For God's sake, man--" 


"He's insane!" Thorensen shouted with sudden force. The two Negroes at the other end of 
the kitchen turned to look at him. "He spent six months in a strait jacket! He isn't trying to help 
Serena, he just wants to take her back to his crazy house in the middle of the swamp." 


As they ate, forking the cold meat straight from the can, he told Sanders something of 
Ventress, this strange and melancholy architect, who had designed many of the new government 
buildings in Lagos and Accra, and then two years earlier abruptly abandoned his work in disgust. 
He had married Serena when she was seventeen, after bribing her parents, a poor French colonial 
couple in Libreville, within a few hours of seeing her in the Street outside his office as he left it for 
the last time. He had then carried her away to a grotesque folly he had built on a water-logged 
island among the crocodiles in the swamps ten miles to the north of Mont Royal, where the Matarre 
River expanded into a series of shallow lakes. According to Thorensen, Ventress had rarely spoken 
to Serena after the marriage, and prevented her from leaving the house or seeing anyone except a 
blind Negro servant. Apparently he saw his young bride in a sort of pre-Raphaelite dream, caged 
within his house like the lost spirit of his imagination. Thorensen had found her there, already 
tubercular, on one of his hunting trips, when his power-cruiser had broken its propeller shaft and 
was beached on the island. He visited her several times during Ventress's long absences, and she 
finally escaped with him after the house had caught fire. Thorensen sent her off to a sanatorium in 
Rhodesia, and his own great mansion at Mont Royal, filled with its imitation antiques, had been 
prepared for her homecoming. After her disappearance and the first moves toward the annulment of 
the marriage, Ventress had gone berserk and spent some time as a voluntary patient at an asylum. 
Now he had returned with the single-minded ambition of abducting Serena and taking her off once 
more to his ruined house in the swamps. Thorensen seemed convinced that Ventress's morbid and 
lunatic presence was responsible for Serena's lingering malaise. 


However, when Sanders asked to see her again, in the hope that he would be able to 
persuade Thorensen to remove her from the frozen forest, the mine-owner demurred. 


"She's all right here," he told Sanders doggedly. "Don't worry." 


"But, Thorensen, how much longer do you think she'll last here? The whole forest is 
crystallizing, don't you realize--?" 


"She's all right!" Thorensen insisted. He stood up and looked down at the table, his stooped 
figure with its blond hair like a gallows in the dusk. "Doctor, I've been in this forest a long time. 
The only chance she has is here." 


Puzzled by this cryptic remark, and whatever private meaning it had for Thorensen, Sanders 
sat down at a chair by the table. A siren sounded in the dusk from the direction of the river, its 
echoes reflected off the brittle foliage around the summer house. 


Thorensen spoke to the mulatto and came back to Sanders. 


"T'll leave you in their hands, Doctor. I'll be back in a short while." He took a roll of surgical 
tape from the shelf beside the cooker, and then beckoned to the injured African. "Kagwa, let the 
Doctor look at you." 


After Thorensen had gone Sanders examined the shotwounds in the African's leg and chest, 
and cleaned the rough lint pads. A dozen pellets had penetrated the man's skin, but the wounds 
already seemed half healed, inert punctures that showed no tendency to bleed or fester. 


"You're lucky," he told the African when he had finished. "I'm surprised you can walk at all." 
He added: "I saw you this afternoon--in the mirrors at Thorensen's house." The youth smiled 
amicably. "It was Monsieur Ventress we were looking for, Doctor. There's much hunting in this 
forest, eh?" 


"You're right--though I doubt if any of you really know what you're after." Sanders noticed 
the mulatto was watching him with more than usual interest. "Tell me," he asked Kagwa, deciding 
to make the most of the young man's easy-going manner, "do you work for Thorensen? At his 
mine?" 


"The mine is closed, Doctor, but I was number one in charge of technical stores." He nodded 
with some pride. "For the whole mine." 


"An important job." Sanders pointed toward the bedroom door, beyond which the young 
woman lay. "Mrs. Ventress--Serena, I think Thorensen called her. She's got to be moved from here. 
You're an intelligent man, Mr. Kagwa, you realize that. A few more days here and she'll be as good 
as dead." 


Kagwa turned away from the doctor and smiled to himself. He looked down at the bandages 
on his leg and chest and touched them wistfully. "'Good as dead'--a fascinating phrase, Doctor. I 
understand what you say, but it's best now for Madame Ventress to stay here." 


Barely controlling his voice, Sanders said: "For God's sake, Kagwa, she'll _die!_ Haven't 
you grasped that? What on earth is Thorensen playing at?" Kagwa raised his hands to restrain 
Sanders. Turning on his strong leg, he leaned the other against the table. "_You_ are speaking, 
Doctor, in medical terms. Listen!" he insisted when Sanders tried to remonstrate. "I am not giving 
you any ju-ju magic, I am an educated African. But many strange things happen in this forest, 
Doctor, you will--" 


He broke off as the mulatto barked something at him and went out onto the veranda. They 
could hear Thorensen approaching with two or three men, their boots crushing the brittle foliage 
along the bank. 


As Sanders moved toward the door Kagwa touched his arm. A warning smile held the 
doctor's attention. "Remember, Doctor, walk one way through the forest, but look two ways--" 


Then, rifle in hand, he limped off on his white leg. 


Thorensen greeted Sanders on the veranda. He clumped up the steps, zipping up his leather 
jacket in the tomb-like coldness of the summer house. 


"Still here, Doctor? I've got a couple of guides for you." He pointed to the two Africans who 
stood at the bottom of the steps. Members of the crew of his motorcruiser, they wore jeans and blue 
denim shirts. One had a white peaked cap pulled down across his forehead. Both carried carbines 
and were scanning the forest with marked interest. "My boat is moored near here," Thorensen 
explained, "I'd send you back by river if the engine hadn't seized up. Anyway, they'll get you to 
Mont Royal in no time." 


With this he strode off into the kitchen, and a moment later Sanders heard him enter the 
bedroom. 


Surrounded by the glistening figures of the four Africans, etched in hoar frost against the 
darkness, Sanders waited for Thorensen to reappear. Then he turned and followed his guides, 
leaving Thorensen and Serena Ventress barricaded together in the sepulchre of the summer house. 
As they entered the forest he looked back at the veranda, where the young African, Kagwa, was still 
watching him. His dark body, almost exactly bisected by the white bandages, reminded Sanders of 
Louise Peret and her references to the day of the equinox. Thinking over his brief conversation with 
Kagwa, he began to realize Thorensen's motives for trying to keep Serena Venrress within the 
affected zone. Fearing that she might die, he preferred this half-animate immolation within the 
crystal vaults to her physical death in the world outside. Perhaps he had seen insects and birds 
pinioned alive inside their prisms, and misguidedly decided that this offered the one means of 
escape for his dying bride. 


Following a path that skirted the inlet, they set off toward the inspection site, which Sanders 
estimated to be some three-quarters of a mile down-river. With luck an army unit would be 
stationed at the nearest margins of the affected zone, and the soldiers would be able to retrace his 
steps and rescue the mine-owner and Serena Ventress. 


The two guides moved along at a rapid pace, barely pausing to choose their direction, one in 
front of Sanders and the other, wearing the peaked cap, ten yards behind. After fifteen minutes, 
when they had covered very nearly a mile and yet were still within the main body of the forest, 
Sanders realized that the sailors’ real task was not to guide him to safety at all. In turning him out 
into the forest Thorensen was no doubt using him, in Ventress's phrase, as a decoy, confident that 
the architect would try to reach Sanders for news of his abducted wife. 


When, for the second time, they entered a small glade between two groups of forest oaks 
Sanders stopped and walked back to the sailor in the peaked cap. He started to remonstrate with 
him, but the man shook his head and beckoned Sanders on with his carbine. 


Five minutes later Sanders found that he was alone. The pathway ahead was deserted. He 
made his way back to the glade, where the shadows shone emptily on the forest floor. The guides 
had disappeared into the undergrowth. 


Sanders glanced over his shoulder at the dark grottoes around the glade, listening for any 
footsteps, but the sheaths of the trees sang and crackled as the forest cooled in the darkness. Above, 
through the lattices that stretched across the glade, he could see the fractured bowl of the moon. 
Around him, in the vitreous walls, the reflected stars glittered like fire-flies. 


He pressed on along the path. His clothes had begun to glow in the dark, the frost that 
covered his suit spangled by the starlight. Spurs of crystal grew from the dial of his wrist-watch, 
imprisoning the hands within a medallion of moonstone. 


A hundred yards behind him the roar of a shotgun drummed through the trees. A carbine 
fired twice in reply, and a confused medley of running feet, shouts and gunfire reached Sanders as 
he crouched behind a trunk. Abruptly everything fell quiet again. Sanders waited, searching the 
darkness around him. A few fragmentary, half-formed noises came down the pathway. There was a 
brief shout, cut off by a second blast from the shotgun. As if far away, an African's voice cried 
plaintively. 


Sanders made his way back through the trees. Five yards from the path, in a hollow among 
the roots of an oak, he found the dying figure of one of his guides. The man half-sat against the 
trunk, knocked back across the roots by the force of the gunbiast. He watched Sanders approach 
with vague eyes, one hand touching the blood that ran from his shattered chest. Ten feet away lay 
his peaked cap, the imprint of a small foot stamped into its crown. 


Sanders knelt down beside him. The African looked away. His wet eyes were staring through 
an interval in the trees at the distant river. Its petrified surface stretched like white ice to the jeweled 
forest on the opposite shore. 


A siren sounded from the direction of the summer house. Realizing that Thorensen and his 
men would make short work of him, Sanders stood up. The African was dying quietly at his feet. 
Leaving him, Sanders crossed the path and set off toward the river. 


When he reached the bank he could see the motorcruiser moored in a pooi of clear water a 
quarter of a mile away, at the mouth of a small creek that wound off past a ruined jetty. A 
searchlight shone from the bridge, playing on the white surface that swept past the open water down 
the channel of the river. 


Crouching down, Sanders ducked in and out of the grass growing from the edges of the 
bank. His running shadow, illuminated by the sweeping searchlight, flickered ahead of him among 
the vitrified trees, the dark image speckled by the jeweled light. 


Half a mile down-river the channel had widened into a broad glacier. Across the surface 
Sanders could see the distant roof-tops of Mont Royal. Like a causeway of frozen gas, it flowed on 
through the darkness, riven by deep faults. At its bottom ran the icy water of the original channel. 
Sanders peered over the edges of the fissures, hoping for some sign of Captain Radek's body 
stranded on the beaches of ice below. 


Forced to leave the river, when the surface broke up into a succession of giant cataracts, he 
approached the outskirts of Mont Royal. The frosted outline of the picket fence and the debris of 
military equipment marked the site of the former inspection area. The laboratory trailer, and the 
tables and equipment near by, had been enveloped by the intense frost. The branches in the 
centrifuge had blossomed again into brilliant jeweled sprays. Sanders picked up a discarded helmet, 
now a glass porcupine, and drove it through a window of the trailer. 


In the darkness the white-roofed houses of the mining town gleamed like the funerary 
temples of a necropolis. Their cornices were ornamented with countless spires and gargoyles, linked 
together across the roads by the expanding tracery. A frozen wind moved through the deserted 
streets, waist-high forests of fossil spurs, the abandoned cars embedded within them like armored 
saurians on an ancient ocean floor. 


Everywhere the process of transformation was accelerating. Sanders's feet were encased in 
huge crystal slippers. These spurs enabled him to walk along the sharp edges of the roadway, but 
soon the opposing needles would fuse together and lock him to the ground. 


The eastern entrance to the town was sealed by the forest and the erupting roadway. Sanders 
limped back to the river, hoping to climb the series of cataracts and make his way back to the base 
camp to the south. As he scaled the first of the crystal blocks he could hear the underground streams 
beneath the moraine sluicing away into the open river. 


A long crevice with an overhanging sill ran diagonally across the cataract, and led him into a 
series of galleries like the aerial terraces of a cathedral. Beyond these the icefalls spilled away onto 
a white beach that seemed to mark the southern limits of the affected zone. The vents of the buried 
channels lay among the icefalls, and a clear stream of moonlit water ran between the blocks and 
opened into a shallow river, at least ten feet below the original course. Sanders walked along the 
frozen beach, looking at the vitrified forest on either side. Already the trees were duller, the crystal 
sheaths lying in patches against the sides of the trunk like half-melted ice. 


Fifty yards along the ice beach, which narrowed as the water swept past it, Sanders saw a 
man's dark figure standing beneath one of the overhanging trees. With a tired wave, Sanders began 
to run toward him. 


"Wait!" he called, afraid that the man might sidestep into the forest. "Over here--" 


Ten yards from him Sanders slowed to a walk. The man had not moved from beneath the 
tree. Head down, he was carrying a large piece of driftwood across his shoulders--a soldier, Sanders 
decided, foraging for firewood. 


As Sanders drew up to him, the man stepped forward, in a gesture that was at once defensive 
and aggressive. The light from the icefalls illuminated his ravaged body. 


"Radek--good God!" Appalled, Sanders stumbled back, almost tripping over a half-exposed 
root in the ice. "Radek--?" 


The man hesitated, like a wounded animal uncertain whether to surrender or attack. Across 
his shoulders he still carried the wooden yoke which Sanders had fastened there. The left side of his 
body gave a painful heave, as if he were trying to throw off this incubus, but he was unable to raise 
his hands to the buckle behind his head. The right side of his body seemed to hang loosely, 
suspended from the wooden cross-tree like a long-dead corpse. A huge wound had been torn across 
the shoulder, the flesh bared to the elbow and sternum. The raw face, from which a single eye gazed 
at Sanders, still ran with blood that fell to the white ice below. 


Recognizing the belt with which he had fastened the wooden spar to Radek's shoulders, Dr. 
Sanders moved forward, gesturing to the man as if to pacify him. He remembered Ventress's 
warning, and the pieces of crystal that he had torn away from the body when he dragged Radek 
from the helicopter. Then, too, he remembered Aragon tapping his eye-tooth and saying 
"Covered--? My tooth is the whole gold, Doctor." 


"Radek, let me help--" Sanders edged forward as Radek hesitated. "Believe me, I wanted to 
save you--" 


Still trying to shift the wooden spar from his shoulders, Radek gazed down at Sanders. 
Unformed thoughts seemed to cross his face, and then the one blinking eye came into focus. 


"Radek--" Sanders raised a hand to restrain him, unsure whether Radek would charge him or 
bolt like a wounded beast into the forest. 


With a shambling step, Radek drew nearer. A gruntlike noise came from his throat. He 
moved again, almost toppled by the swinging spar. 


"Take me--" he began. There was another lurching stride. He held out a bloody arm like a 
scepter. "Take me _back!_" 


He struggled on, the heavy spar swinging his shoulders from left to right, one foot flapping 
on to the ice, his face lit by the jeweled light from the forest. Sanders watched him as he jerked 
forward, the arm held out as if to clasp Sanders's shoulder. Already, however, he seemed to have 
forgotten Sanders, his attention fixed on the light from the icefalls. 


Sanders moved out of his way, ready to let him go by. With a sudden sidestep Radek swung 
the wooden beam and drove Sanders in front of him. "_Take me--!_" 


"Radek--!" Winded by the blow, Sanders stumbled ahead, like an onlooker driven towards 
some bloody Golgotha by its intended victim. One lurching stride after another, his pace quickening 
as the prismatic light of the forest mingled again with his blood, Radek pressed on, the beam across 
his shoulders cutting off Sanders's escape. 


Sanders ran towards the icefalls. Twenty yards from the first of the blocks, where the clear 
streams of the subterranean channels ran across his feet, as dark and cool as his memories of the 
world beyond, he turned and raced down into the shallows. Radek let out his stricken cry for the last 
time, and Sanders plunged to his shoulders into the river and swam away across the silver water. 


10 The mask 


Some hours later, as he walked dripping through the edges of the illuminated forest, Sanders 
came to a wide road deserted in the moonlight. In the distance he saw the outlines of a white hotel. 
With its long fagade and tumbled columns it looked like a floodlit ruin. To the left of the road, the 
forest slopes moved upwards to the blue hills above Mont Royal. 


This time, as he approached the man standing beside a Land-Rover in the empty forecourt of 
the hotel, his wave was answered by a ready shout. A second figure patrolling the ruined hotel ran 
across the drive. A searchlight on the roof of the car was played on to the road in front of Dr. 
Sanders. The two natives, wearing the uniform of the local hospital service, came forward to meet 
him. In the light from the forest their liquid eyes watched Dr. Sanders as they helped him into the 
car, their dark fingers feeling at the drenched fabric of his suit. 


Dr. Sanders sat back, too tired to identify himself to the men. One of them climbed into the 
driving-seat and switched on the car's radio transmitter. As he spoke into the microphone his eyes 
stared at the crystals still dissolving on Dr. Sanders's shoes and wristwatch. The white light sparkled 
faintly in the dark cabin. The last of the crystals on the dial of the wristwatch gave out their light 
and faded, and with a sudden movement the hands began to turn. 


The road marked the final boundary of the affected zone, and to Dr. Sanders the darkness 
around him seemed absolute, the black air inert and empty. After the endless glimmer of the 
vitrified forest the trees along the road, the ruined hotel and even the two men with him appeared to 
be shadowy images of themselves, replicas of illuminated originals in some distant land at the 
source of the petrffied river. Despite his relief at escaping from the forest, this feeling of flatness 
and unreality, of being in the slack shallows of a spent world, filled Sanders with a sense of failure 
and disappointment. 


A car approached along the road. The driver signalled with the searchlight on the Land- 
Rover and the car turned and came to a halt beside them. A tall man wearing an army battledress 
over his civilian clothes jumped out. He peered through the window at Sanders, and then nodded at 
the native driver. 


"Dr. Sanders--?" he asked. "Are you all right?" 


"Aragon!" Sanders opened his door and started to get out, but Aragon motioned him back. 
"Captain--I'd almost forgotten. Is Louise with you? Mademoiselle Peret?" 


Aragon shook his head. "She's with the other visitors at the camp, Doctor. We thought you 
might come out this way, I've been watching the road." Aragon moved aside, so that the light from 
his car's headlamps showed more of Sanders's face. He looked into Sanders's eyes, as if trying to 


assess the inner impact of the forest. "You're lucky to be here, Doctor. Many of the soldiers are 
feared lost in the forest--they think Captain Radek is dead. The affected area is spreading out in all 
directions. It's many times the previous size." 


The driver in Aragon's car cut his engine. As the headlamps faded Sanders sat forward. 
"Louise--she's safe--Captain? I'd like to see her." 


"Tomorrow, Doctor. She will come to your friends' clinic. You must see them first, she 
understands that. Dr. Clair and his wife are at the clinic now. They will look after you." 


He went back to his car. It turned and made off at speed down the dark road. 


Five minutes later, after a short drive down a side turning past an old mine-works, the Land- 
Rover entered the compound of the mission hospital. A few oil lamps burned in the outbuildings, 
and several native families huddled by their carts in the yard, reluctant to take shelter indoors. The 
men Sat in a group by the empty fountain in the center, the smoke from their cheroots forming white 
plumes in the darkness. 


"Is Dr. Clair here?" Sanders asked the driver. "And Mrs. Clair?" 


"They both here, sir." The driver glanced across at Sanders, still unsure of this apparition 
that had materialized from the crystalline forest. "You Dr. Sanders, sir?" he ventured as they parked. 


"That's it. They're expecting me?" 


"Yes, sir. Dr. Clair in Mont Royal yesterday for you, but trouble in the town, sir, he go 
away." 


"I know. Everything went crazy--I'm sorry I missed him." 


As Sanders climbed out of the car a familiar rotund figure in a white cotton jacket, short- 
sighted eyes below a domed forehead, hurried down the steps toward him. 


"Edward--? My dear chap, for heaven's sake--!" He took Sanders's arm. "Where on earth 
have you been?" 


Sanders felt himself relaxing for the first time since his arrival at Port Matarre, indeed, since 
his departure from the _léproserie_ at Fort Isabelle. "Max, I wish I knew--it's good to see you." He 
shook Clair's hand, holding it in a tight grip. "It's been insane here--how are you, Max? And how's 
Suzanne?--is she--?" 


"She's fine, fine. Hold on a moment." Leaving Sanders on the steps, Clair went back to the 
native drivers by the Land-Rover and patted each of them on the shoulder. He looked around at the 
other natives in the compound, waving to them as they squatted on their bundles in the dim light of 
the flares. Half a mile away, beyond the roofs of the outbuildings, an immense pall of silver light 
glowed in the night sky above the forest. 


"Suzanne will be thrilled to see you, Edward," Max said as he rejoined Sanders. He seemed 
more preoccupied than Sanders had remembered him. "We've talked about you a lot--I'm sorry 
about yesterday afternoon. Suzanne had promised to visit one of the mine dispensaries, when 
Thorensen contacted me we got our lines crossed." The excuse was a palpably lame one, and Max 
smiled apologetically. 


They entered an inner courtyard and walked across to a long chalet at the far end. Sanders 
stopped, glancing through the windows of the empty wards. Somewhere a generator hummed, and a 
few electric light bulbs glowed at the ends of corridors, but the hospital seemed deserted. 


"Max--I made an appalling blunder." Sanders spoke rapidly, hoping that Suzanne would not 


appear and interrupt him. Half an hour from then, as the three of them relaxed over their drinks in 
the comfort of the Clairs' lounge, Radek's tragedy would cease to seem real. "This man Radek--a 
captain in the medical corps-- I found him in the center of the forest, completely crystallized. You 
know what I mean?" Max nodded, his eyes looking Sanders up and down with a more than usually 
watchful gaze. Sanders went on: "I thought the only way of saving him was to immerse him in the 
river--but I had to tear him loose! Some of the crystals came off, I didn't realize--" 


"Edward!" Max took his arm and tried to steer him along the path. "There's no--" 


Sanders pushed his hand away. "Max, I found him later, I'd torn half his face and chest 
away--!" 


"For God's sake!" Max clenched his fist. "Yours wasn't the first mistake, don't reproach 
yourself!" 


"Max, I don't--understand me, it wasn't just that!" Sanders hesitated. "The point is--he 
wanted to go _back!_ He wanted to go back into the forest and be crystallized again! He knew, 
Max, he_knew!_" 


Lowering his head, Clair moved away a few paces. He glanced at the darkened French 
windows of the chalet, where the tall figure of his wife watched them from the half-opened door. 
"Suzanne's there," he said. "She's pleased to see you, Edward, but--" Almost vaguely, as if distracted 
by matters other than those which Sanders had described, he added: "You'll want a change of 
clothes, I have a suit that will fit you--one of the European patients, deceased, if you don't mind 
that-- and something to eat. It's damned cold in the forest." 


Sanders was looking at Suzanne Clair. Instead of coming forward to greet him, she had 
retreated into the darkness of the lounge, and at first Sanders wondered whether some residue of 
their old embarrassment still remained. Although Sanders felt that his past affair with Suzanne if 
anything bound Max and himself together far more than it separated them, Max seemed distant and 
nervous, almost as if he resented Sanders's arrival. 


But Sanders could see the smile of greeting on Suzanne's face. She was wearing a night robe 
of black silk that made her tall figure seem almost invisible against the shadows in the lounge, the 
pale lantern of her face floating like a nimbus above it. 


"Suzanne--it's wonderful to see you." Sanders took her hand with a laugh. "I was frightened 
you might both have been swallowed by the forest. How are you?" 


"Very happy, Edward.” Still holding Sanders's arm, Suzanne turned to face her husband. 
"Delighted that you've come, you'll be able to share the forest with us now." 


"My dear, I think the poor man has had more than his fair share already." Max bent down 
behind the sofa against the bookshelf and switched on the desk lamp that had been placed on the 
floor. The dim light illuminated the gold lettering on the leather spines of his books, but the rest of 
the room remained in darkness. "Do you realize that he's been trapped in the forest since late 
yesterday afternoon?” 


"Trapped--?" Turning away from Sanders, Suzanne went over to the French windows and 
closed the door. She looked out at the brilliant night sky over the forest, and then sat down in a chair 
near the blackwood cabinet against the far wall. "Is that quite the word to use? I envy you, Edward, 
it must have been a wonderful experience." 


"Well--" Accepting a drink from Max, who was now half-filling his own glass from the 
whisky decanter, Sanders leaned against the mantelpiece. Hidden in the shadows by the cabinet, 
Suzanne was still smiling at him, but this reflection of her former good humor seemed overlaid by 
the ambiguous atmosphere in the lounge. He wondered whether this was due to his own fatigue, but 
there seemed something out of key in their meeting, as if some unseen dimension had been let 
obliquely into the room. He was still wearing the clothes in which he had swum the river, but Max 


made no move toward helping him to change. 


Sanders raised his glass to Suzanne. "I suppose one could call it wonderful," he said. "It's a 
matter of degree--I was unprepared for everything here." 


"How marvelous--you'll never forget it." Suzanne sat forward. She wore her long black hair 
in an unusual manner, well forward over her face, so that it concealed her cheeks. "Tell me about it 
all, Edward, I--" 


"My dear." Max held up his hand. "Give the poor man time to catch his breath. Besides, he'll 
want a meal now, and then to get to bed. We can discuss it all over breakfast." To Sanders he 
explained: "Suzanne spends a lot of time wandering through the forest." 


"Wandering--?" Sanders repeated. "What do you mean?" 


"Only through the fringes, Edward," Suzanne said. "We're on the edge of the forest here, but 
there's enough--I've seen those jeweled vaults." With animation, she said: "A few mornings ago 
when I went out before dawn my slippers were beginning to crystallize-- my feet were turning into 
diamonds and emeralds!" 


With a smile, Max said: "My dear, you're the princess in the enchanted wood." 


"Max, I __was_--" Suzanne nodded, her eyes gazing at her husband as he looked down at the 
carpet. She turned to Sanders, "Edward, we could never leave here now." 


Sanders shrugged. "I understand, Suzanne, but you may have to. The affected area is 
spreading. God only knows what the source of all this is, but there doesn't seem much prospect of 
stopping it." 


"Why try?" Suzanne looked up at Sanders. "Shouldn't we be grateful to the forest for giving 
us such a bounty?" 


Max finished his drink. "Suzanne, you're moralizing like some missionary. All Edward 
wants at this moment is a change of clothes and a meal." He went over to the door. "I'll be with you 
in a moment, Edward. There's a room ready for you. Help yourself to another drink." 


When he had gone, Sanders said to Suzanne, as he filled his glass with soda: "You must be 
tired. I'm sorry to have kept you up.” 


"Not at all. I sleep during the day now--Max, and I decided we should keep the dispensary 
open round the clock." Aware that the explanation was not wholly convincing, she added: "To be 
frank, I prefer the night. One can see the forest better." 


"That's true. You're not frightened of it, Suzanne?" 


"Why should I be? It's so easy to be more frightened of one's feelings than of the things that 
prompt them. The forest isn't like that--I've accepted it, and all the fears that go with them." Ina 
quieter voice, she added: "I'm glad you're here, Edward. I'm afraid Max doesn't understand what's 
happening in the forest--I mean in the widest sense--to all our ideas of time and mortality. How can 
I put it? 'Life, like a dome of many-colored glass, stains the white radiance of eternity.’ I'm sure you 
understand." 


Carrying his glass, Sanders walked across the darkened room. Although his eyes had 
become accustomed to the dim light, Suzanne's face still remained hidden in the shadows behind 
the blackwood cabinet. The faintly quizzical smile that had hovered about her mouth since his 
arrival was still there, almost beckoning to him. 


As he drew closer to her, he realized that this slight upward inclination of the mouth was not 
a smile at all, but a facial rictus caused by the nodular thickening of the upper lip. The skin of her 
face had a characteristic dusky appearance, which she had managed to hide by her long hair and a 
lavish use of powder. Despite this camouflage, he could see the nodular lumps all over her face and 


in the lobe of her left ear as she drew back fractionally in her chair, raising her shoulder. Already, 
after his years of experience at the leper hospital, he recognized the beginnings of the so-called 
leonine mask. 


Confused by this discovery, although he had halfanticipated it since Suzanne's first letter to 
him from Mont Royal, Sanders moved away across the room, hoping Suzanne had failed to notice 
the telltale way in which he had spilt some of his drink on to the carpet. His first feelings of anger at 
this crime of nature against someone who had already spent much of her own life trying to cure 
others of the disease, gave way to a sense of relief, as if this particular disaster were one for which 
both of them were psychologically well prepared. He realized that he had been waiting for Suzanne 
to catch the disease, that for him this had probably been her one valid role. Even their affair had 
been an unconscious attempt to bring about this very end. It was himself, and not the poor devils in 
the _léproserie_, who had been the real source of infection for Suzanne. 


Sanders finished his drink and put it down, then turned to face Suzanne. Despite their 
previous closeness, he found it almost impossible to express himself to her. After a pause, he said 
lamely: "I was sorry you left Fort Isabelle at the time, Suzanne. In fact, it was an effort to stop 
myself following you straightaway. I'm glad you came, though. It may seem a strange choice to 
some people, but I understand. Who could blame you for trying to escape from the dark side of the 
sun?" 


Suzanne shook her head, either puzzled by this cryptic reference or preferring not to 
understand it. "What do you mean?" 


Sanders hesitated. Although she appeared to be smiling, Suzanne was in fact trying to 
control this involuntary movement of her mouth. Her once elegant face was twisted by a barely 
concealed scowl. 


He gestured. "I was thinking of our patients at Fort Isabelle. For them--" 


"It's nothing to do with them. Edward, you're tired, and I have to be at the dispensary. I 
mustn't keep your supper any longer." With a brisk movement, Suzanne stood up, her slim figure 
taller than Sanders. Her powdered face looked down at him with the skull-like intensity he 
remembered in Ventress. Then once again the deformed smile supervened. 


"Good night, Edward. We'll see you at breakfast, you have so much to tell us." 
Sanders stopped her at the door. "Suzanne--" 


"What is it, Edward?" She half-closed the door, shutting out the light from the corridor that 
cut across her face. 


Sanders fumbled for something to say, and in a kind of half-remembered reflex raised his 
arms to embrace her. Then, as much attracted as repelled by her injured face, but knowing that he 
must first understand his own motives, he turned away. 


"There's nothing to tell you, Suzanne," he said. "You've seen everything here in the forest." 


"Not everything, Edward," Suzanne told him. "One day you must take me there." 


11 The white hotel 


The next morning, wearing the dead man's clothes, Sanders met Louise Peret. He had spent 
the night in one of the four empty chalets that formed the sides of a small courtyard behind the 
Clairs' bungalow. The remainder of the European medical staff had left the hospital, and before 
breakfast Sanders wandered through the deserted chalets, trying to prepare himself for the coming 
meeting with Suzanne. The few books and magazines left behind on the shelves and the unused 
cans in the kitchen were like the residue of a distant world. 


His new suit had been the property of a Belgian engineer at one of the mines. The man, 
roughly his own age, he assumed from the cut of the trousers and jacket, had died some weeks 
earlier of pneumonia. In the pockets of the jacket Sanders found small pieces of bark and a few 
dried leaves. Sanders speculated whether the man had caught his final chill while gathering these 
once-crystallized objects from the forest. 


Suzanne Clair did not appear at breakfast. When Sanders arrived at the Clairs' bungalow and 
was shown into the dining-room by the houseboy, Max Clair greeted him with a raised forefinger. 


"Suzanne is sleeping," he told Sanders. "She had quite a night, poor dear--a lot of natives are 
hanging around in the bush, hoping to reap themselves a harvest of diamonds, I suppose. They've 
brought their sick with them, incurables for the most part. What about you, Edward? How do you 
feel this morning?” 


"Well enough," Sanders said. "Thanks for the suit, by the way." 


"Your own is dry now," Max said. "One of the boys pressed it earlier this morning. If you 
want to change--?" 


"That's all right. This one is warmer, anyway." Sanders felt the blue serge fabric. The darker 
material in some way seemed more appropriate to his present meeting with Suzanne than his cotton 
tropical suit, a fitting disguise for this nether world where she slept by day and appeared only at 
night. 


Max ate his breakfast with relish, working with both hands at his grapefruit. Since their 
meeting the previous night he had relaxed completely, almost as if Suzanne's absence gave him his 
first chance to lower his guard with Sanders. At the same time, Sanders guessed that he had been 
deliberately allowed his few minutes alone with Suzanne, to make his own brief judgment, if any, 
on why she and Max had come to Mont Royal. 


"Edward, you haven't told me yet about your visit to the site yesterday. What exactly 
happened?" 


Sanders glanced across the table, puzzled by Max's air of detachment. "You've probably seen 
as much as | have--the whole forest is vitrifying. By the way, do you know Thorensen at all?" 


"Our telephone line goes through his mine office. I've met him a few times--that suit 
belonged to one of his engineers. He's always up to some private game of his own." 


"What about this woman living with him--Serena Ventress? I take it their affair is common 
gossip here?" 


"Not at all--Ventress, you say her name is? Probably some cocotte he picked up ina 
Libreville dance-hall." 


"Not exactly." Sanders decided to say no more. As they finished breakfast he described his 
arrival at Port Matarre and the journey to Mont Royal, concluding with his visit to the inspection 
site. At the end, as they walked out past the empty wards on either side of the courtyard, he hinted at 


Professor Tatlin's explanation of the Hubble Effect and what he himself felt to be its real 
significance. 


Max, however, seemed to have little interest in all this. Obviously he regarded the 
crystallizing forest as a freak of nature that would soon exhaust itself and let him get on with the job 
of nursing Suzanne. Sanders's oblique references to her he sidestepped deftly. With some pride he 
showed Sanders around the hospital, pointing out the additional wards and X-ray facilities which he 
and Suzanne had introduced during their short stay. 


"Believe me, Edward, it's been quite a job, though I wouldn't take too much credit for 
ourselves. The mine companies provide most of the patients and consequently most of the money." 


They were walking along the perimeter fence on the eastern side of the hospital. In the 
distance, beyond the single-story buildings, they could see the full extent of the forest, its soft light 
shining like a stained-glass canopy in the moming sun. Although still held back by the perimeter 
road near the Bourbon Hotel, the affected zone seemed to have spread several miles down-river, 
extending itself through the forested areas along the banks. Two hundred feet above the jungle the 
air seemed to glitter continuously, as if the crystallizing atoms were deliquescing in the wind and 
being replaced by those rising from the forest below. 


The sounds of shouting and the thwacks of bamboo canes distracted Sanders. Fifty yards 
away a group of hospital porters were moving through the trees on the other side of the fence. They 
were driving back a throng of natives that Sanders noticed sitting in the shadows under the 
branches. In what seemed to be a show of strength, the porters blew their whistles and beat the 
ground around the natives' feet. 


Looking beneath the trees, Sanders realized that there were at least two hundred of the 
natives, hunched together in small groups around their bundles and sticks, gazing out at the distant 
forest with dead eyes. All of them appeared to be crippled or diseased, with deformed faces and 
skeleton-like shoulders and arms. Those driven back retreated a few yards into the trees, dragging 
their sick with them, but the others sat their ground. They seemed unaware of the sticks and 
whistles. Sanders guessed that they were not drawn to the hospital by any hopes of help and 
attention, but regarded it merely as a temporary shield between the forest and themselves. 


"Max, who the devil--?" Sanders stepped over the wire fence. The nearest group was twenty 
yards from him, the dark bodies almost invisible in the refuse and undergrowth below the trees. 


"Some mendicant tribe," Max explained, following Sanders over the fence. He 
acknowledged the salute of one of the porters. "Don't worry about them, they move around here all 
the time. Believe me, they don't really want help." 


"But, Max--" Sanders walked a few paces across the clearing. The natives had so far 
watched him without expression, but now, as he approached them, they at last showed some 
reaction. An old man with a puffy head crouched down as if to shrink from Sanders's gaze. Another 
with mutilated hands hid them between his knees. There seemed to be no children, but here and 
there Sanders saw a small bundle strapped to the back of a crippled woman. Everywhere there was 
the same stirring movement as they shifted slowly in their places, little more than their shoulders 
moving as if aware that there was no possibility of hiding themselves. 


"Max, these are--" 


Clair took his arm. He started to pull Sanders back to the fence. "Yes, Edward, they are. 
They're lepers. They follow you across the world, don't they? I'm sorry we can't do anything for 
them." 


"But Max--!" Sanders swung round. He pointed to the deserted wards within the compound. 
"The hospital's empty! Why have you turned them out?" 


"We haven't." Clair looked away from the trees. "They come from a small camp--hardly a 
_léproserie_-- which one of the Catholic fathers kept going. When he left they just drifted off into 
the bush. It was badly run, anyway, all he did for them was say a few prayers, and not many of 
those, if what I've heard is true. Now they've come back--it's the light from the forest, I suppose--" 


"But why not take some of them in? You've got enough room for a few dozen cases." 


"Edward, we're not equipped to deal with them. Even if we wanted to, it wouldn't work. 
Believe me, I've got to think of Suzanne. We all have our difficulties, you know." 


"Of course." Sanders collected himself. "I understand, Max. You've both done more than 
your share." 


Max climbed the fence into the compound. The porters had moved along the trees and were 
now driving back the last of the lepers, rapping the older ones and cripples over their legs when 
they were slow to move. 


"T'll be in my surgery, Edward. Perhaps we can have a drink at eleven. Let one of the porters 
know if you go out." 


Sanders waved to him, then walked away along the clearing. The porters had completed 
their job and were going back to the gatehouse, canes over their shoulders. The lepers had retreated 
into the deep shadows, almost out of sight, but Sanders could feel their eyes staring through him at 
the forest beyond, the one link between this barely recognizable residue of humanity and the world 
around it. 


"Doctor! Dr. Sanders!" 


Sanders turned to see Louise Peret coming toward him from an army staff car parked by the 
entrance. She waved to the French lieutenant watching from the driving window. He saluted her 
with a flourish and drove off. 


"Louise--Aragon said you were coming this morning.” 


Louise reached him. Smiling broadly, she took his arm. "I almost didn't recognize you, 
Edward. This suit, it's like a disguise.” 


"I feel I need it now." With a half-laugh Sanders pointed to the trees twenty yards from 
them, but Louise failed to notice the lepers sitting in the shadows. 


"Aragon told me you'd been caught in the forest," she went on, glancing critically at 
Sanders. "But you seem all in one piece. I've been talking to Dr. Tatlin, the physicist, he's explained 
all his theories about the forest--very complicated, believe me, all about the stars and time, you'll be 
amazed when I tell you." 


"T'm sure I will." Happy to listen to her blithe chatter, Sanders slipped his arm through hers 
and steered her along the clearing toward the group of chalets at the rear of the hospital. After the 
antiseptic odors and the atmosphere of illness and compromise with life, Louise's brisk stride and 
fresh body seemed to come from a forgotten world. Her white skirt and blouse shone against the 
dust and the somber trees with their hidden audience. Feeling her hips against his own, Sanders 
almost believed for a moment that he was walking away with her for ever from Mont Royal, the 
hospital and the forest. 


"Louise!" With a laugh he broke into her rapid résumé of her evening at the army base. "For 
God's sake, shut up. You may not realize it, but you're giving me a catalogue of all the exchange 
officers at the camp!" 


"T'm not! What do you mean? Hey, where are you taking me?" 


"Coffee--for you. A drink for me. We'll go to my chalet, Max's houseboy will bring some 
over for us." 


Louise hesitated. "All right. But what about--?" 
"Suzanne?" Sanders shrugged. "She's asleep." 
"What? Now?" 


"She always sleeps during the day--at night she has to run the dispensary. To tell the truth, 
I've hardly seen her." He added hastily, aware that this was not necessarily the answer Louise 
wanted to hear: "It was pointless coming here--the whole thing has been a complete anti-climax." 


Louise nodded at this. "Good," she said, as if only halfconvinced. "Perhaps that's as it should 
be. And your friend--the husband?" 


Before Sanders could reply Louise had stopped and taken his arm. Startled, she pointed 
under the trees. Here, away from the road and the gatehouse, the lepers had been driven back only a 
few yards, and their watching faces were plainly visible. "Edward! There, those people! What are 
they?" 


"They're human," Sanders said evenly. With faint sarcasm he added: "Don't be frightened." 


"T'm not. But what are they doing? My God, there are hundreds of them! They were here all 
the time we were talking.” 


"I don't suppose they bothered to listen." Sanders motioned Louise through a gap in the 
fence. "Poor devils, they're just sitting there spellbound." 


"How do you mean? By me?" 


Sanders laughed aloud at this. Taking Louise's arm again, he held it tightly. "My dear, what 
have those Frenchmen been doing to you? _I'm_ spellbound by you, but I'm afraid those people are 
only interested in the forest." 


They walked across the small courtyard and entered Sanders's chalet. He rang the bell for 
the Clairs' houseboy and then ordered some coffee for Louise and whisky and soda for himself. 
When these arrived they settled themselves in the lounge. Sanders switched on the overhead fan and 
removed his jacket. 


"Taking off your disguise now?" Louise asked. 


"You're right." Sanders pulled up the footstool and sat down in front of the settee. "I'm glad 
you're here, Louise. You make the place seem less like an unmade grave." 


He reached forward and took the coffee cup and saucer from her hands. He rose to sit down 
beside her and then walked over to the window which looked out on to the Clairs' bungalow. He 
lowered the plastic blind. 


"Edward, for a man so uncertain of his real nature you can be very calculating." Louise 
watched him with amusement as he sat down on the settee beside her. Pretending to hold off his 
arm, she asked: "Are you still testing yourself, my dear? A woman likes to know her proper role at 
all times, this one most of all." When Sanders said nothing she pointed to the blind. "I thought you 
said she was asleep. Or do the vampires here fly by day?" 


As she laughed Sanders put his hand firmly on her chin. "Day and night--do they mean 
much any longer?" 


They ate lunch together in the chalet. Afterwards, Sanders described his experiences in the 
forest. 


"T remember, Louise, when I first arrived in Port Matarre you told me it was the day of the 
spring equinox. Of course, it hadn't occurred to me before, but I realize now just how far everything 


in the world outside the forest was being divided into light and dark--you could see it perfectly in 
Port Matarre, that strange light in the arcades and in the jungle around the town, and even in the 
people there, dark and light twins of each other. Looking back, they all seem to pair off--Ventress 
with his white suit and the mine-owner Thorensen with his black gang. They're fighting each other 
now over this dying woman somewhere in the forest. Then there are Suzanne and yourself--you 
haven't met her but she's your exact opposite, very elusive and shadowy. When _you_ arrived this 
morning, Louise, it was as if you'd stepped out of the sun. Again, there's Balthus, that priest, with 
his death-mask face, though God alone knows who his twin is." 


"Perhaps you, Edward." 


"You may be right--I suppose he's trying to free himself from what's left of his faith, just as 
I'm trying to escape from Fort Isabelle and the _léproserie_--Radek pointed that out to me, poor 
fellow." 


"But this division, Edward, into black and white-- why? They're what you care to make 
them." 


"Are they? I suspect it goes deeper than that. There may well be some fundamental 
distinction between light and dark that we inherit from the earliest living creatures. After all, the 
response to light is a response to all the possibilities of life itself. For all we know, this division is 
the strongest one there is--perhaps even the _only_ one--reinforced everyday for hundreds of 
millions of years. In its simplest sense time keeps this going, and now that time is withdrawing 
we're beginning to see the contrasts in everything more clearly. It's not a matter of identifying any 
moral notions with light and dark--I don't take sides between Ventress and Thorensen. Isolated now 
they're both grotesques, but perhaps the forest will bring them together. There, in that place of 
rainbows, nothing is distinguished from anything else." 


"And Suzanne--your dark lady--what does she mean for you, Edward?" 


"T'm not sure--obviously she stands in some way for the _léproserie_ and whatever _that_ 
means--the dark side of the equinox. Believe me, I recognize now that my motives for working at 
the _léproserie_ weren't altogether humanitarian, but merely accepting that doesn't help me. Of 
course there's a dark side of the psyche, and I suppose all one can do is find the other face and try to 
reconcile the two--it's happening out there in the forest." 


"How long are you staying?" Louise asked. "In Mont Royal?" 


"Another few days. I can't leave straightaway. From my point of view coming here has been 
a complete failure, but I've hardly seen either of them and they may need my help." 


"Edward--" Louise walked over to the window. Pulling on the blind, she raised the blades so 
that they let in the afternoon light. Silhouetted against the sun, her white suit and pale skin became 
suddenly dark. As she played with the string, opening and closing the blind, her slim figure was lit 
and then eclipsed like an image in a solar shutter. "Edward, there's an army launch going back to 
Port Matarre tomorrow. In the afternoon. I've decided to go." 


"But, Louise--" 


"T must go." She faced him, her chin raised. "There's no hope of finding Anderson--he must 
be dead by now--and I owe it to the bureau to get my story out." 


"Story? My dear, you're thinking in terms of trivialities." Sanders went over to the whisky 
decanter on the bare sideboard. "Louise, I'd hoped you could stay on with me--" He broke off, 
aware that Louise was putting him to the test and not wanting to upset her. Whatever his references 
to Suzanne, he knew that he would have to stay with her and Max for the time being. If anything, 
Suzanne's leprosy had increased his need to remain with her. Despite her aloofness the previous 
night, Sanders knew that he was the only person to understand the real nature of her affliction and 
its meaning for them both. 


To Louise, as she picked up her handbag, he said: "I'll ask Max to call the base and send a 
car for you." 


During the rest of the afternoon Sanders remained in the chalet, watching the corona of light 
that lay over the distant forest. Behind him, beyond the perimeter fence, the lepers had moved 
forward again through the trees. As the afternoon light faded, the brilliance of the sun was still held 
within the crystal forest, and the old men and women came to the edge of the trees and waited there 
like nervous wraiths. 


After dusk Suzanne appeared again. Whether she had really been asleep or, like Sanders, 
sitting in her room behind drawn blinds, he had no means of knowing, but at dinner she seemed 
even more withdrawn than at their previous meeting, eating with a kind of compulsive nervousness 
as if forcing down food that lacked all flavor. She had finished each of the courses when Sanders 
and Max were still talking over their wine. The black velvet curtain behind her--obviously placed 
against this single window for Sanders's benefit--made her dark robe almost invisible in the dim 
light, and from the far end of the table, where she had placed Sanders, even the white powdered 
mask of her face seemed a veiled blur. 


"Did Max take you on a tour of our hospital?" she asked. "I hope you were impressed?" 


"Very," Sanders said. "It has no patients." He added: "I'm surprised you need to spend any 
time at all in the dispensary." 


"Quite a number of the natives come along during the night," Max explained. "During the 
daytime they're hanging around near the forest. One of the drivers told me that they're starting to 
take their sick and dying into the affected area. A kind of instant mummification, I suppose." 


"But far more splendid," Suzanne said. "Like a fly in the amber of its own tears or a fossil 
millions of years old, making a diamond of its body for us. I hope the army let them through." 


"They can't stop them," Max rejoined. "If these people want to commit suicide it's their 
affair. The army is too busy anyway evacuating themselves." He turned to Sanders. "It's almost 
comical, Edward. As soon as they put the camp down somewhere they have to uproot the whole 
thing and back off another quarter of a mile." 


"How fast is the area spreading?" 


"About a hundred feet a day, or more. According to the army radio network things are 
getting to the panic stage in the focal area in Florida. Half the state has been evacuated, already the 
zone there extends from the Everglades swamps all the way to Miami." 


Suzanne raised her glass at this. "Can you imagine that, Edward? An entire city! All those 
hundreds of white hotels transformed into stained glass--it must be like Venice in the days of Titian 
and Veronese, or Rome with dozens of St. Peters." 


Max laughed. "Suzanne, you make it sound like the new Jerusalem. Before you could turn 
around I'm afraid you'd find yourself an angel in a rose window." 


After dinner, Sanders waited for Clair to leave and give him a few moments alone with 
Suzanne, but Max took a chess set from the blackwood cabinet and set up the pieces. As he and 
Sanders played the opening moves Suzanne excused herself and slipped out. 


Sanders waited an hour for her to come back. At ten o'clock he resigned his game and said 
good night to Max, leaving him mulling over the possibilities of the end game. 


Unable to sleep, Sanders wandered around his chalet, drinking what was left of the whisky 
in the decanter. In one of the empty rooms he found a stack of French illustrated magazines and 


leafed through the pages, scanning the by-lines of the articles for Louise's name. 


On an impulse he left the chalet and went out into the darkness. He walked toward the 
perimeter fence. Twenty yards from the wire he could see the lepers sitting under the trees in the 
moonlight. They had come forward on to the open ground, exposing themselves to the moonlight 
like bathers under a midnight sun. One or two were shuffling about through the lines of people 
halfasleep on the ground or squatting on their bundles. 


Hiding himself in the shadows behind the chalet, Sanders turned and followed their gaze. 
The vast outspill of light rose from the forest, its extent broken only by the dim white form of the 
Bourbon Hotel. 


Sanders walked back into the compound. Crossing the courtyard, he made his way to the 
perimeter fence as it turned in the direction of the ruined hotel, which was now hidden by the 
intervening trees. A path led toward it through the trees, passing the abandoned mine-works. 
Sanders stepped over the fence, then walked through the dark air toward the hotel. 


Ten minutes later, as he stood at the top of the wide steps that led down among the tumbled 
columns, he saw Suzanne Clair walking in the moonlight below him. In a few places the affected 
zone had crossed the highway, and small patches of the scrub along the roadside had begun to 
vitrify. Their drab leaves gave off a faint luminescence. Suzanne walked' among them, her long robe 
sweeping across the brittle ground. Sanders could see that her shoes and the train of her robe were 
beginning to crystallize, the minute prisms glancing in the moonlight. 


Sanders made his way down the steps, his feet cutting at the shards of marble between the 
columns. Turning, Suzanne saw him approach. For a moment she flinched toward the road, then 
recognized him and hurried up the weed-grown drive. 


"Edward--!" 


Sanders reached out to take her hands, afraid that she might stumble, but Suzanne slipped 
past and pressed herself to his chest. Sanders embraced her, feeling her dark hair against his cheek. 
Her waist and shoulders were like ice, the silk robe chilling his hands. 


"Suzanne, I thought you might be here." He tried to move her away, so that he could see her 
face, but she still held on to him with the strong grip of a dancer moving with her partner through an 
intricate step. Her eyes were turned away so that she seemed to speak from the ruins beyond his left 
shoulder. 


"Edward, I come here every night." She pointed to the upper stories of the white hotel. "I 
was there yesterday, I watched you come out of the forest! Do you know, Edward, your clothes 
were glowing!" 


Sanders nodded, then walked with her up the drive to the steps. As if straightening her hair, 
Suzanne held one hand to her forehead between them, the other clasping his own hand to her cold 
waist. 


"Does Max know you're here?" Sanders asked. "He may send one of the houseboys to keep 
an eye on you.” 


"My dear Edward!" Suzanne laughed for the first time. "Max has no idea, he's asleep, poor 
man--he realizes he's living on the edges of a nightmare--" She stopped, checking herself in case 
Sanders might guess that this referred to her own condition. "The forest, that is. He's never 
understood what it means. You do, Edward, I could see that straightaway." 


"Perhaps--" They climbed the steps past the drums of the toppled columns and entered the 
great hail. High above, the cupola over the staircase had fallen through and Sanders could see a 


cluster of stars, but the light from the forest below cast the hall into almost complete darkness. 
Immediately he felt Suzanne relax. Taking his hand, she guided him past the shattered chandelier at 
the foot of the staircase. 


They walked up to the second floor, and then turned into a corridor on their left. Through the 
broken panels Sanders saw the worm-eaten hulks of tall wardrobes and collapsed bedposts, like the 
derelict monuments in some mausoleum to the hotel's forgotten past. 


"Here we are." Suzanne stepped through a locked door whose central panels had fallen in. In 
the room beyond, the empire furniture was in place, a desk stood in the corner by the window, and a 
mirrorless dressing table framed the forest below. Dust and wormwood lay on the floor, small 
footprints winding through them. 


Suzanne sat down on one side of the bed, opening her robe with the placid gestures of a wife 
returning home with her husband. "What do you think of it, Edward, --my pied a terre, or is it nearer 
the clouds than that?" 


Sanders glanced around the dusty room, looking for some personal trace of Suzanne. Apart 
from the footprints on the floor there was nothing of her there, as if she dwelled like a ghost among 
the empty chambers of the white hotel. 


"T like the room," he said. "It has a magnificent view of the forest." 
"IT only come here in the evening, and then the dust looks like moonlight." 


Sanders sat down on the bed beside her. He glanced up at the ceiling, half-afraid that at any 
moment the hotel might crumble and collapse into a dust-filled pit, carrying Suzanne and himself 
down into its maw. He waited for the darkness to clear, aware of the contrast between Suzanne and 
this room in the derelict hotel with its moonlit empire furniture and the functional but sunfilled 
chalet where he and Louise had made love that morning. Louise's body had lain beside him like a 
piece of the sun, a golden odalisque trapped for Pharaoh in his tomb. As now, in turn, he held 
Suzanne's cold body in his arms, his hands avoiding her face, which lay beside him in the darkness, 
its pale lantern like a closing moon, he remembered Ventress's "We're running out of time, 
Sanders--" As time withdrew, his relationship with Suzanne, drained of everything but the image of 
leprosy and whatever this stood for in his mind, had begun to dissolve into the dust that surrounded 
them wherever they moved outside the forest. 


"Suzanne--" He sat up beside her, trying to massage some warmth into his hands. Her 
breasts had been like goblets of ice. "Tomorrow I'm going back to Port Matarre. It's time for me to 
leave." 


"What?" Suzanne drew the robe across herself, sealing the white outline of her body into the 
darkness. "But, Edward, I thought you'd--" 


Sanders took her hand. "My dear, apart from everything I owe Max there are my patients at 
Isabelle. I can't just leave them." 


"They were my patients as well. The forest is spreading everywhere, there's no more you or I 
can do for them." 


"Perhaps not--I may only be thinking of myself again--and you, Suzanne--" 


While he spoke she had left the bed and now stood in front of him, the dark robe brushing 
the dust from the floor. "Stay with us for a week, Edward. Derain won't mind, he knew you were 
coming here. In a week--" 


"In a week we may all have to go. Believe me, Suzanne, I've been trapped in the forest." 


She walked toward him, her face raised in a shaft of moonlight as if about to kiss him on the 
mouth. Then he realized that this was far from being a romantic gesture. At last Suzanne was 
showing him her face. 


"Edward, just now, do you know to whom you-- made love to?" 


Sanders touched her shoulder with one hand, trying to reassure her. "Suzanne, I do know. 
Last night--" 


"What?" She turned away from him, hiding her face again. "What do you mean?" 


Sanders followed her across the room. "I'm sorry, Suzanne. It may sound hollow comfort, 
but I carry those lesions as much as you do." 


Before he could reach her she had slipped through the door. He picked up his jacket and saw 
her moving swiftly down the long corridor to the staircase. When he reached the entrance hail she 
was more than fifty yards ahead of him, running through the tumbled columns, her dark gown like 
an immense veil as she moved along the crystalline pathways away from the white hotel. 


12 Duel with a crocodile 


At midnight, as he lay half-asleep in his room at the rear of the chalet, Dr. Sanders heard the 
sounds of a distant commotion from the compound of the hospital. Almost too tired to sleep, and yet 
sufficiently exhausted not to listen more closely, he ignored the raised voices and the flickering 
beam of the Land-Rover's searchlight carried over the roof and reflected off the tall trees outside. 


Later, the noise began again. The engine of an antiquated truck was being hand-started in the 
compound. As it coughed and sneezed and the voices chattered around it, he heard more footsteps 
running in and out of the chalets. All the servants seemed to be up, wandering in and out of the 
rooms across the courtyard and slamming the cupboard doors. 


When he saw someone with a torch inspecting the vegetation outside his window Sanders 
climbed from his bed and dressed. 


In the dining-room of the chalet he found one of the houseboys looking through the open 
window into the forest. 


"What's going on?" Dr. Sanders asked. "What the devil are you doing in here? Where's Dr. 
Clair?" 


The houseboy pointed toward the compound. "Dr. Clair with truck, sir. Trouble in forest, he 
go to look." 


"What sort of trouble?" Sanders walked over to the window. "Is the forest moving nearer?" 
"No, sir, not moving. Dr. Clair say you sleep, sir." 

"Where's Mrs. Clair? Is she around?" 

"No, sir. Mrs. Clair busy now." 


"What do you mean?" Dr. Sanders pressed. "I thought she was on night duty. Come on, man, 
what is it?" 


The houseboy hesitated, his lips soundlessly forming the polite formulas which Max had left 
him for Sanders's benefit. He was about to blurt something out when the sound of footsteps crossed 
the courtyard. Sanders went to the door as Max Clair came toward him, followed by two porters. 


"Max! What's going on--are you starting to evacuate?" 


Clair stopped in front of him. His mouth was clenched, his chin lowered so that the sweat on 
his domed head shone in the torch-light. "Edward--have you got Suzanne in there with you?" 


"What?" Sanders stepped back from the door, beckoning Clair inside. "My dear fellow-- 
She's gone! Where?" 


"T wish we knew." Clair walked up to the door. He glanced inside the chalet, uncertain 
whether to take advantage of Sanders's gesture. "She went off a couple of hours ago, God only 
knows where--you haven't seen her?" 


"Not since earlier this evening." Sanders began to button the sleeves of his shirt. "Come on, 
Max, let's go after her!" 


Ciair held up his hand. "Not you, Edward. I have enough problems, believe me. There are 
one or two settlements up in the hills," he said, unconvincingly. "She may have gone to visit the 
sick-bays. You stay here and keep things together--I'll take the Land-Rover and a couple of men. 
The others can go in the truck and keep an eye on the Bourbon Hotel." 


Sanders began to argue with him, but Clair turned and strode off. Sanders followed him into 
the drive and watched him climb into the car. 


Sanders turned to the houseboy. "So she's gone back into the forest--poor woman!" 
The houseboy glanced at him. "You know, sir?" 


"No, but I'm certain all the same. Each of us has something we can't bear to be reminded of. 
Tell the driver of the truck to wait, he can give me a lift down to the hotel." 


The houseboy held his arm. "You going, sir--to the forest?" 
"Of course. She's there somewhere--that's a judgment on myself I have to acknowledge." 


The antiquated engine of the truck had come to life, its din throbbing all over the hospital. 
As Sanders climbed over the tailboard it started off and made a slow circuit of the fountain. Half a 
dozen of the native orderlies sat up behind the driver. 


They reached the main highway five minutes later, then rumbled on through the darkness 
towards the white hulk of the Bourbon Hotel. The truck stopped in the weed-grown drive, its 
searchlight playing on the forest. As it swept across the crystalline trees, like an immense tipping of 
broken glass, the white prisms glittered as far away as the river half a mile to the south. 


Jumping down from the tailboard, Dr. Sanders went over to the driver. None of the men had 
seen Suzanne leave, but from their careful watch over the forest they obviously all assumed that she 
had entered it. However, from the confused mélée around the vehicle it was equally plain that they 
had no intention of following Suzanne. When Sanders pressed the driver he made some muttered 
reference to the "white phantoms" that patrolled its inner reaches--glimpses, perhaps of Ventress 
and Thorensen in pursuit of each other, or of Radek stumbling toward his lost grave. 


Five minutes later, when he saw that the search party was no closer to forming itself--the 
driver insisted on remaining by his searchlight, and the other men had moved off to the Bourbon 
Hotel and squatted down with their cheroots among the fallen columns--Dr. Sanders set off alone 
along the highway. To his left, the glitter of the forest threw the cold moonlight across the macadam 
at his feet, and lit up the entrance to a small side-road that ran toward the river. Sanders looked 
down this narrow defile that led away into the illuminated world. For a moment he hesitated, 
listening to the fading voices of the natives. Then he pressed his hands into his pockets and moved 
along the verges of the road, picking his way among the glass spurs that rose more and more thickly 
around him. 


In fifteen minutes he reached the river, and crossed a ruined bridge that tilted down on to the 
frozen surface like a jeweled web, its girders hung with silver. The white surface of the river wound 
away around the frosted trees. The few craft along the banks were now so heavily encrusted that 
they were barely recognizable. Their light seemed darker and more intense, as if they were sealing 
their brilliance within themselves. 


By this time his suit had begun to glow again in the dark, the fine frost forming crystal spurs 
on the fabric. Everywhere the process of crystallization was more advanced, and his shoes were 
enclosed within bowls of prisms. 


Mont Royal was empty. Limping in and out of the deserted streets, the white buildings 
looming around him like sepulchers, he reached the harbor. Standing on the jetty, he could see 
across the frozen surface of the river to the cataract in the distance. Even higher now, it formed an 
impenetrable barrier between himself and the lost army somewhere to the south. 


Shortly before dawn he walked back through the town, in the hope of finding the summer 
house where Thorensen and his dying bride were sheltering. He passed a small patch of pavement 
that remained clear of all growth, below the broken window of one of the mine depositories. 
Handfuls of looted stones were scattered across the pavement, ruby and emerald rings, topaz 
brooches and pendants, intermingled with countless smaller stones and industrial diamonds. This 
abandoned harvest glittered coldly in the moonlight. 


As he stood among the stones Sanders noticed that the crystal outgrowths from his shoes 
were dissolving, melting like icicles exposed to sudden heat. Pieces of the crust fell away and 
deliquesced, vanishing into the air. 


Then he realized why Thorensen had brought the jewels to the young woman, and why she 
had seized on them so eagerly. By some optical or electromagnetic freak, the intense focus of light 
within the stones simultaneously produced a compression of time, so that the discharge of light 
from the surfaces reversed the process of crystallization. Perhaps it was this gift of time which 
accounted for the eternal appeal of precious gems, as well as of all baroque painting and 
architecture. Their intricate crests and cartouches, occupying more than their own volume of space, 
so seemed to contain a greater ambient time, providing that unmistakable premonition of 
immortality sensed within St. Peter's or the palace at Nymphenburg. By contrast, the architecture of 
the twentieth century, characteristically one of rectangular unornamented facades, of simple 
Euclidean space and time, was that of the New World, confident of its firm footing in the future and 
indifferent to those pangs of mortality which haunted the mind of old Europe. 


Dr. Sanders knelt down and filled his pockets with the stones, cramming them into his shirt 
and cuffs. He sat back against the front of the depository, the semi-circle of smooth pavement like a 
miniature patio, at whose edges the crystal undergrowth glittered with the intensity of a spectral 
garden. Pressed to his cold skin, the hard faces of the jewels seemed to warm him, and within a few 
seconds he fell into an exhausted sleep. 


He woke into brilliant sunshine in a street of temples, where rainbows spangled the gilded 
air with a blaze of colors. Shielding his eyes, he lay back and looked up at the roof-tops, their gold 
tiles inlaid with row upon row of colored gems, like pavilions in the temple quarter of Bangkok. 


A hand pulled at his shoulder. Trying to sit up, Sanders found that the semi-circle of clear 
pavement had vanished, and his body lay sprawled in a bed of sprouting needles. The growth had 
been most rapid in the entrance to the depository, and his right arm was encased in a mass of 
crystalline spurs, three or four inches long, that reached almost to his shoulder. Inside this frozen 
gauntlet, almost too heavy to lift, his fingers were outlined in a maze of rainbows. 


Sanders dragged himself to his knees, tearing away some of the crystals. He found the 
bearded man in the white suit crouching behind him, his shotgun in his hands. 


"Ventress!" With a cry, Sanders raised his jeweled arm. In the sunlight the faint nodes of the 
gem-stones he had stuffed into his cuff shone in the effloresced tissues of his arm like inlaid stars. 
"Ventress, for God's sake!" 


His shout distracted Ventress from his scrutiny of the light-filled street. His small face with 
its bright eyes was transfigured by strange colors that mottled his skin and drew out the pale blues 
and violets of his beard. His suit radiated a thousand bands of color. 


He knelt down beside Sanders, trying to replace the strip of crystals torn from his arm. 
Before he could speak there was a roar of gunfire and the glass trellis encrusted to the doorway 
shattered in a shower of fragments. Ventress flinched behind Sanders, then pulled himself through 
the window. As another shot was fired down the street they ran past the looted counters into a strong 
room where the door of a safe stood open on to a jumble of metal cash boxes. Ventress snapped 
back the lids on the empty trays, and then began to scoop together the few small jewels scattered 
across the floor. 


Stuffing them into Sanders's empty pockets, he pulled him through a window into the rear 
alley, and from there into the adjacent street, transformed by the overhead lattices into a tunnel of 
vermilion light. They stopped at the first turning, and Ventress beckoned to the forest fifty yards 
away. 


"Run, run! Anywhere, through the forest! It's all you can do!" 


He pushed Sanders forward with the butt of his shotgun, whose breech was now encrusted 
by a mass of silver crystals, like a medieval flintlock. Sanders raised his arm. The jeweled spurs 
danced in the sunlight like a swarm of fireflies. "My arm, Ventress! It's reached my shoulder!" 


"Run! Nothing else can help you!" Ventress's illuminated face flickered with anger, almost 
as if he were impatient of Sanders's refusal to accept the forest. "Don't waste the stones, they won't 
last you forever!" 


Forcing himself to run, Sanders set off toward the forest, where he entered the first of the 
caves of light. He whirled his arm like a clumsy propeller, and felt the crystals recede slightly. With 
luck he soon reached a small tributary of the river that wound in from the harbor, and hurled himself 
like a wild man along its petrified surface. 


For hours he raced through the forest, all sense of time lost to him. If he stopped for more 
than a minute the crystal bands would seize his neck and shoulder, and he forced himself on, only 
pausing to slump exhausted on the glass beaches. Then, he pressed the jewels to his face, warding 
off the glacé sheath. But their power faded, and as the facets blunted they turned into nodes of 
unpolished silica. Meanwhile, those embedded within the crystal tissues of his arm shone with 
undiminished brilliance. 


At last, as he ran through the trees at the edge of the river, his arm whirling before him, he 
saw the gilt spire of the summer house. Stumbling across the fused sand, he made his way toward it. 
By now the vitrification of the forest had sealed the small pavilion into the surrounding trees, and 
only the steps and the doorway above remained clear, but for Sanders it still held a faint hope of 
sanctuary. The casements and jointing of the balcony were ornamented with the heraldic devices of 
some bizarre baroque architecture. 


Sanders stopped a few yards from the steps and looked up at the sealed door. He turned and 
gazed back across the widening channel of the river. Its jeweled surface glowed in the sunlight, 
marbled like the pink crust of a salt lake. Two hundred yards away Thorensen's motor-cruiser still 
sat in its pool of clear water at the confluence of the subterranean streams. 


As he watched, two men moved about on the foredeck of the cruiser. They were partly 


hidden by the starting cannon in front of the mast, but one of them, bands of surgical tape dividing 
his naked body into black and white halves, Sanders recognized as Kagwa, Thorensen's assistant. 


Sanders walked a few steps toward the cruiser, debating whether to reach the edge of the 
petrified surface and swim across the pooi. Although the crystals might begin to dissolve in the 
water, he feared that the weight of his arm would first sink him to the bottom. 


There was a flash of light from the muzzle of the cannon. A moment later, as the ground 
shifted slightly, Sanders caught a glimpse of a three-inch ball crossing the air toward him. With a 
sharp whistle it passed over his head and crashed into the petrified trees twenty yards from the 
summer house. Then the loud boom of the explosion reached him from the cruiser. Reflected off the 
hard surface of the river, the echoes rolled around the walls of the forest, drumming at Sanders's 
head. 


Uncertain which way to move, he ran toward a patch of undergrowth near the steps of the 
summer house. Kneeling down, he tried to conceal his arm among the crystalline fronds. The two 
natives on board the cruiser were reloading the cannon, the big mulatto down on one knee as he 
worked the ramrod in and out of the barrel. 


"Sanders--!" The low voice, little more than a harsh whisper, came from a few yards on 
Sanders's left. He looked around, peering up at the sealed door of the summer house. Then, below 
the steps, a hand reached out and waved at him. 


"Here! Under the house!" 


Sanders ran over to the steps. In the narrow hollow below the platform of the summer house, 
Ventress was crouching behind one of the stilts, shotgun in hand. 


"Get down! Before they take another shot at you!" As Sanders slid backwards through the 
small interval Ventress seized one shoe and hauled him in, twisting his foot with an irritable 
flourish. 


"Lie _down!_ By God, Sanders, you take your chances!" 


His mottled face pressed toward Sanders as he lay against the side of the hollow. Then 
Ventress looked out again at the river and the distant cruiser. His flintlock lay in front of him, its 
ornamented barrel following every movement as the light outside varied its patterns. 


Sanders gazed around the hollow, wondering if Thorensen had taken Serena with him and 
abandoned the summer house, hoping to trap Ventress there, or whether the latter had reached the 
pavilion first after the attack that morning in the streets of Mont Royal. 


The wooden boards over their heads had vitrified into a rock-like glass, but the outlines of a 
trapdoor could still be seen in the center. On the ground below, a steel bayonet lay among a few 
shards laboriously chipped from the edges of the trapdoor. 


Ventress pointed curtly to the trapdoor. "You can have a go in a moment. It's damned hard 
work." 


Sanders sat forward. Lifting his arm, he turned over so that he could see across the river. 
"Serena--your wife--is she still here?" 


Ventress looked up at the beams over their heads. "I'll be with her soon. It's been a long 
search." Checking himself, he peered along his barrel, examining the sprays of frozen grass that 
skirted the banks before he spoke again. "So you saw her, Sanders?" 


"Only for a minute. I told Thorensen to get her out of here." 


Leaving his gun, Ventress scrambled across to Sanders. Kneeling in the hollow like a 
luminous mole, he peered into Sanders's eyes. "Sanders, tell me--I haven't seen her yet! My God!" 
He drummed on the wooden beams, sending a dead echo through the platform. 


"She's--all right," Sanders said. "Most of the time she's asleep. How did you get here?" 


His mind elsewhere, Ventress stared at him. Then he crawled back to his shotgun. He 
beckoned Sanders forward. He pointed to the bank fifty feet away. Lying face upwards among the 
grass, the spurs of frost from his crystallizing body merging him into the undergrowth, was one of 
Thorensen's men. 


"Poor Thorensen," Ventress murmured. "One by one they're leaving him. He'll be alone 
soon, Sanders." 


There was another flash from the cannon on board the cruiser. The craft backed slightly in 
the water, and the steel ball arched through the air, striking the trees a hundred yards from the 
summer house. As the boom of the explosion drummed around the river, shaking the rails of the 
balcony, Sanders noticed the light driven from his arm in a series of soft pulses. The surface of the 
river shifted and settled itself, blades of carmine light lancing into the air. 


Kagwa and the mulatto knelt down by the cannon again and began to reload it. Sanders said: 
"Bad shooting. But Serena--if she's here why are they trying to hit the summer house?" 


"They're not, my dear fellow." Ventress was watching the undergrowth along the banks, as if 
taking no chances that Thorensen might not try to steal up on the summer house during the 
distractions of the artillery display. After a moment, apparently satisfied, he relaxed. "He has other 
plans for his big gun. His idea is to loosen the river with the noise--then he can bring his boat right 
up to the summer house and blast me out of here." 


Sure enough, during the next hour a series of dull explosions punctuated the still air. The two 
Negroes worked away at the cannon, and at intervals of five minutes or so there was a brief flash 
and one of the steel balls flew across the river. As they rebounded off the bank and trees the echoes 
of the reports struck vivid red lanes through the petrified surface. 


Each time Sanders's jeweled arm and Ventress's suit shed rainbows of light around them. 


"What are you doing here, Sanders?" Ventress asked during one of the lulls. There were no 
signs of Thorensen, and Kagwa and the mulatto worked without supervision. Ventress had crawled 
back to the trapdoor and was chipping away with the bayonet, now and then pausing to press his 
head to the platform and listen for any sounds above. "I thought you'd got out?" 


"The wife of a colleague of mine at Isabelle--Suzanne Clair--ran off into the forest last night. 
It was partly my fault." Sanders looked down at the crystal sheath on his arm. No longer having to 
carry its great weight around he found that he was less frightened of its monstrous appearance. 
Although the crystalline tissues were as cold as ice, and no movement of his hand or fingers was 
possible, the nerves and sinews seemed to have taken on a new life of their own, glowing like the 
hard compacted light they emitted. Only along the forearm, where he had torn away the strip of 
crystals, was there any marked sensation, but even here it was less one of pain than a feeling of 
warmth as the crystals annealed themselves. 


Another explosion boomed across the river. Ventress threw the bayonet away. He scuttled 
back to his place near the steps. 


Sanders watched the cruiser. It still remained at its mooring in the mouth of the creek, but 
Kagwa and the mulatto had left the cannon and gone below. Evidently the last round had been fired. 
Ventress pointed with a bony finger at the small trail of exhaust from the stern. The cruiser began to 
swing round. As it turned and the cabin windows altered their angle, they could both see a tall 
blond-haired man behind the wheel. 


"Thorensen!" Ventress crept forward, his small body crouching with knees pressed against 
his chest. 


Sanders picked up the bayonet in his left hand. The cruiser was moving astern, the smoke of 
the exhaust drifting along its hull. It stopped and straightened out. 


Full ahead, the cruiser surged forward, its bows lifting through the placid water. An interval 
of fifty yards separated it from the nearest edge of the petrified crust. As it changed course, 
selecting one of the faults exposed by the bombardment, Sanders remembered Thorensen testing the 
lanes through the collapsing surface when Ventress had escaped from the mulatto. 


Moving at twenty knots, the cruiser bore down on the edge of the pool, then drove through 
the thin crystals like an ice-breaker scattering surface ice out of its path. Within thirty yards its 
speed fell off. A few huge floes piled up across its bows, and the cruiser slewed sideways and came 
to a stop. There was a flurry of activity on the bridge as the men inside wrestled with the controls, 
and Ventress leveled his gun at the cabin windows. Three hundred feet away, the cruiser was well 
out of range. Around it immense faults had appeared in the surface of the river, the vivid carmine 
light bled off into the surrounding ice. The trees along the bank were still shaking with the impact, 
shedding the light from their boughs like liquid blossoms. 


After a pause the cruiser backed off a few feet, then retraced its path down the lane. Fifty 
yards back, in the entrance to the pool, it stopped and aligned its bows. 


As it drove forward again, lifting on the exposed water, Ventress reached into his jacket. 
From the shoulder holster he drew out the automatic pistol Sanders had smuggled through the 
customs. 


"Take it!" Ventress leveled his shotgun at the approaching cruiser, shouting at Sanders across 
the breech. "Watch the bank on your side! I'll look out for Thorensen!" 


This time the smooth advance of the cruiser was checked more abruptly. Hitting the heavier 
floes, it scattered half a dozen of the giant crystal blocks across the surface, then rammed to a half 
with a fifteen-degree list, its engine racing. The men on board were flung to the floor of the cabin, 
and it was several minutes before the cruiser righted itself and made a slow reverse passage down 
the channel. 


The next time it approached more slowly, its bows first loosening the surface, then driving 
the crystal blocks out of their way. 


Sanders crouched behind one of the wooden stilts, waiting for the mulatto to fire the cannon 
before the cruiser came within close range of Ventress. It was now only seventy-five yards from the 
summer house, its bridge high in the air above them. Ventress, however, seemed composed, 
watching the banks for any surprise attack. 


The ground shook beneath the summer house as the cruiser drove again and again into the 
crystal pack. The smoke of its exhaust hung around them, fouling the crisp air. Each time it came a 
few yards closer, its bows splintering into white spars. Already the cruiser had been enveloped by a 
fine frost, and the mulatto knocked out the crystallizing windows of the cabin with a rifle butt. The 
deck rails were hung with fine spurs. Ventress maneuvered about, trying to get a shot in at the men 
in the cabin, but their heads were hidden behind the broken panes. Jerked up on to the surface, the 
blocks of damp crystals were scattered out of the cruiser's way, and the first pieces skated across to 
the steps of the summer house. 


"Sanders!" Ventress half-stood, his face and chest exposed. "They're landlocked!" 


Thirty yards away, its shattered bows rooted in a fault between two floes, the cruiser was 
heaving from side to side. Its engine roared and faded, then whined and fell silent. Immobile, the 
cruiser sat in front of them, the fine frost already transforming it into a bizarre wedding cake. Once 
or twice it rocked slightly as if an oar or a grappling line was being worked from a stern porthole. 


Ventress kept his shotgun leveled at the cabin. Ten feet away on his right, Sanders held the 
automatic pistol in one hand, his other arm on the ground beside him, glowing in its own crystal 
life. Together they waited for Thorensen to make a move. For half an hour the cruiser was silent, the 
frost thickening on its decks. Spiral crests formed around the windows of the cabin and ornamented 
the deck rails and portholes. The shattered bows bristled like the tusks of a frozen whale. Below the 


bridge the cannon was transformed into a medieval firing piece, its breech embellished with 
exquisite horns and crests. 


The afternoon light was fading. Sanders watched the bank on his right, where the vivid 
colors had become more somber as the sun sank behind the trees into the west. 


Then, among the white sprays of grass, he saw a long silver-bodied creature shuffling along 
the bank. Ventress crouched beside him, peering through the dim light. They watched the jeweled 
snout and hooked forelegs in their crystal armor. The crocodile sidled slowly on its stomach in its 
ancient reptilian motion. Fully fifteen feet long, it seemed to propel itself more with its tail than by 
its legs. The left foreleg hung in the air frozen within the crystal armour. As it moved the light 
poured from the glacé eyes and from the half-opened mouth choked with jewels. 


It stopped, as if sensing the two men under the summer house, and then slid forward. Five 
feet away, it stopped for a second time, jaws working weakly, its body crushing the grass in its path. 
Feeling a remote sympathy for this monster in its armor of light, unable to understand its own 
transfiguration, Sanders watched the blank eyes above the opening mouth. 


Then, as the jeweled teeth glittered at him, Sanders realized that he was looking into a gun 
barrel. 


Cutting off an involuntary shout, Sanders lowered his head, then moved a few feet away 
from the pillar. As he raised his head he saw the mouth of the crocodile open. The gun barrel came 
forward below the upper row of teeth, and then fired once at the shadow of the wooden pillar. 


In the roar of the gun flame Sanders steadied the automatic pistol on the notched surface of 
his crystal arm and fired at the crocodile's head. It twisted sideways, the barrel searching for him. 
Inside the jeweled skin Sanders could see a man's elbows and knees on the ground. Sanders fired 
again at the thorax and abdomen of the carapace. With a galvanic heave the huge beast rose into the 
air on its hind legs and hovered there like a jeweled saurian. Then it fell over on to its side, exposing 
the open slit from the lower jaw to the abdomen. Strapped inside, the body of the mulatto lay face 
up in the dusk, his black skin illuminated by the crystal ship moored like a ghost behind him. 


Feet raced along the opposite bank. With a shout Ventress rose on his knees and fired the 
shotgun. There was a shrill cry, and the half-bandaged figure of Kagwa fell among the sprays of 
grass ten yards from the summer house. He rose to his feet and stumbled past the house, no longer 
aware of what he was doing. For a moment the last daylight on his dark skin made him seem almost 
as white as the small figure of Ventress. The second shot caught him in the chest, knocking him 
away across the bank. He lay on his face in the edge of the shadows. 


Sanders waited in the hollow as Ventress reloaded his shotgun. He scuttled about, peering at 
the two bodies. For a few minutes there was silence, and then he touched Sanders on the shoulder 
with the shotgun. 


"Right, Doctor." 
Sanders looked up at his expressionless face. "What do you mean?" 
"It's time for you to go, Doctor. Thorensen and I are alone now." 


As Sanders climbed to his feet, hesitating to expose himself, Ventress said: "Thorensen will 
understand. Get out of the forest, Sanders, you aren't ready to come here yet." As he spoke, 
Ventress's suit was covered with the jeweled scales of the crystals that had formed there. 


So Sanders took his leave of Ventress. Outside, the white ship had begun to merge into the 
torn surface of the river. As he walked away from the summer house along the bank, leaving behind 
the three dead men, one still in his crocodile skin, Sanders saw nothing of Thorensen. A hundred 
yards from the house, where the river turned, he looked back, but Ventress was hidden below his 
platform. Above him the faint light of a lantern shone in the glazed windows. 


At last, late that afternoon, when the deepening ruby light of dusk settled through the forest, 
Sanders entered a small clearing where the deep sounds of an organ reverberated among the trees. 
In the center was a small church, its slim spire fused to the branches of the surrounding trees by the 
crystal tracery. 


Raising his jeweled arm to light the oaken doors, Sanders drove them back and entered the 
nave. Above him, refracted by the stained-glass windows, a brilliant glow of light poured down 
upon the altar. Listening to the organ, Sanders leaned against the altar rail and extended his arm to 
the gold cross set with rubies and emeralds. Immediately the sheath slipped and began to dissolve, 
like a melting sleeve of ice. As the crystals deliquesced the light poured from his arm like an 
overflowing fountain. 


Turning his head to watch Dr. Sanders, Father Batthus sat at the organ, his thin fingers 
drawing from the pipes their unbroken music, which soared away through the stained panels of the 
windows to the distant dismembered sun. 


13 Saraband for lepers 


For the next three days Sanders remained with Balthus, as the last crystal spurs dissolved 
from the tissues of his arm. All day he knelt beside the organ, working the footbellows with his 
jeweled arm. As the crystals dissolved, the wound he had torn in his arm ran with blood again, 
washing the pale prisms of his exposed tissues. 


At dusk, when the sun sank in a thousand fragments into the western night, Father Balthus 
would leave the organ and stand out on the porch, looking up at the spectral trees. His slim scholar's 
face and calm eyes, their composure belied by the nervous movements of his hands, like the false 
calm of someone recovering from an attack of fever, would gaze at Sanders as they ate their small 
supper on a footstool beside the altar, sheltered from the embalming air by the jewels in the cross. 


This emblem had been the joint gift of the mining companies, and the immense span of the 
crosspiece, at least five or six feet, carried its freight of precious stones like the boughs of the 
crystallized trees in the forest. The rows of emeralds and rubies, between which the smaller 
diamonds of Mont Royal traced starlike patterns, ran from one end of the crosspiece to the other. 
The jewels emitted a hard, continuous light so intense that the stones seemed fused together into a 
cruciform specter. 


At first Sanders thought that Balthus regarded his survival as an example of the Almighty's 
intervention, and made some token expression of gratitude. At this Balthus smiled ambiguously. 
Why he had returned to the church Sanders could only guess. By now it was surrounded on all sides 
by the crystal trellises, as if overtopped by the mouth of an immense glacier. 


From the door of the chancel Sanders could see the outbuildings of the native school and 
dormitory that Max Clair had described, presumably the home of the tribe of lepers abandoned by 
their priest. Sanders mentioned his meeting with the lepers, but Balthus seemed uninterested in his 
former parishioners or their present fate. Even Sanders's presence barely impinged upon his 
isolation. Preoccupied with himself, he sat for hours at the organ or wandered among the empty 
pews. 


One morning, however, Balthus found a blind python searching at the door of the porch. Its 
eyes had been transformed into enormous jewels that rose from its forehead like crowns. Balthus 


knelt down and picked up the snake, then entwined its long body around his arms. He carried it 
down the aisle to the altar, and lifted it up to the cross. He watched it with a wry smile when, its 
sight returned, it slid away among the pews. 


On the third day Sanders woke to the early morning light and found Balthus, alone, 
celebrating the Eucharist. Lying on the pew pulled up to the altar rail, Sanders watched him without 
moving, but the priest stopped and walked away, stripping off his vestments. 


Over breakfast he confided: "You probably wonder what I was doing, but it seemed a 
convenient moment to test the validity of the sacrament." 


He gestured at the prismatic colors pouring through the stained-glass windows. The original 
scriptural scenes had been transformed into paintings of bewildering abstract beauty, in which the 
dismembered fragments of the faces of Joseph and Jesus, Mary and the disciples floated on the 
liquid ultramarine of the refracted sky. 


"It may sound heretical to say so, but the body of Christ is with us everywhere here--" he 
touched the thin shell of crystals on Sanders's arm "in each prism and rainbow, in the ten thousand 
faces of the sun." He raised his thin hands, jeweled by the light. "So you see, I fear that the Church, 
like its symbol"--here he pointed to the cross--"may have outlived its function." 


Sanders searched for an answer. "I'm sorry. Perhaps if you left here--" 


"No!" Balthus insisted, annoyed by Sanders's obtuseness. "Can't you understand? Once I 
was a true apostate--I knew God existed but could not believe in him." He laughed bitterly at 
himself. "Now events have overtaken me. For a priest there is no greater crisis, to deny God when 
he can be seen to exist in every leaf and flower." 


With a gesture he led Sanders down the nave to the open porch. He pointed up to the dome- 
shaped lattice of crystal beams that reached from the rim of the forest like the buttresses of an 
immense cupola of diamond and glass. Embedded at various points were the almost motionless 
forms of birds with outstretched wings, golden orioles and scarlet macaws, shedding brilliant pools 
of light. The bands of color moved through the forest, the reflections of the melting plumage 
enveloping them in endless concentric patterns. The overlapping arcs hung in the air like the votive 
windows of a city of cathedrals. Everywhere around them Sanders could see countless smaller 
birds, butterflies and insects, joining their cruciform haloes to the coronation of the forest. 


Father Balthus took Sanders's arm. "In this forest we see the final celebration of the 
Eucharist of Christ's body. Here everything is transfigured and illuminated, joined together in the 
last marriage of space and time." 


Toward the end, as they stood side by side with their backs to the altar, his conviction 
seemed to fail him. As the deep frost penetrated the church, the aisle transformed itself into an 
occluding tunnel of glass pillars. With an expression almost of panic Balthus watched the keys of 
the organ manual sealing themselves together as they merged into one another, and Sanders knew 
that he was searching for some means of escape. 


Then at last he rallied. He seized the cross from the altar and wrenched it from its stand. 
With a sudden anger born of absolute conviction he pressed the cross into Sanders's arms. He 
dragged Sanders to the porch and propelled him to one of the narrowing vaults, through which they 
could see the distant surface of the river. 


"Go! Get away from here! Find the river!" 


When Sanders hesitated, trying to control the heavy scepter with his bandaged arm, Balthus 
shouted fiercely: "Tell them I ordered you to take it!" 


Sanders last saw him standing arms outstretched to the approaching walls, in the posture of 
the illuminated birds, his eyes filled with relief at the first circles of light conjured from his upraised 
palms. 


The crystallization of the forest was now almost complete. Only the jewels in the cross 
allowed Sanders to make his way through the vaults between the trees. Holding the shaft in his 
hands, he moved the crosspiece along the trellises that hung everywhere like webs of ice, looking 
for the weaker panels that would dissolve in the light. As they slid to the ground at his feet he 
stepped through the openings, pulling the cross with him. 


When he reached the river he searched for the bridge he had found when he entered the 
forest for the second time, but the prismatic surface extended away in a wide bend, its light 
obliterating the few landmarks he might otherwise have recognized. Above the banks the foliage 
glowed like painted snow, the only movement coming from the slow traverse of the sun. Here and 
there a soft blur below the bank revealed itself as the illuminated specter of a lighter or river launch, 
but nothing else seemed to retain any trace of its previous identity. 


Sanders followed the bank, avoiding the faults in the surface and the waist-high needles that 
grew together on the upper slopes. He came to the mouth of a small stream and began to walk along 
it, too tired to climb over the cataracts in its path. Although his three days with Father Balthus had 
rested him sufficiently to realize that some way still remained out of the forest, the absolute silence 
of the vegetation along the banks and the deep prismatic glow almost convinced him that the entire 
earth had been transformed and that any progress through this crystal world had become pointless. 


At this time, however, he discovered that he was no longer alone in the forest. Whenever the 
overhead canopy of trees gave way to the open sky, along the bed of the stream or in the small 
clearings, he passed the halfcrystallized bodies of men and women fused against the trunks of the 
trees, looking up at the refracted sun. Most of them were elderly couples seated together with their 
bodies fusing into one another as they merged with the trees and the jeweled undergrowth. The only 
young man he passed was a soldier in field uniform, sitting on a fallen trunk by the edge of the 
stream. His helmet had blossomed into an immense carapace of crystals, a solar umbrella that 
enclosed his face and shoulders. 


Below the soldier the surface of the stream was traversed by a deep fault. At its bottom a 
narrow channel of water still flowed, washing the submerged legs of three soldiers who had set out 
to ford the stream at this point and were now embalmed in its crystal walls. Now and then their legs 
stirred in a slow liquid way, as if the men, roped together around their waists, were forever 
marching through this glacier of crystals, their faces lost in the blur of light around them. 


There was a distant movement through the forest, and the sound of voices. Sanders hurried 
on, clasping the heavy cross to his chest. Fifty yards away, in a clearing between two groves of 
trees, a troupe of people dressed like harlequins were moving through the forest, dancing and 
shouting to one another. Sanders caught up with them and stopped at the edge of the clearing, trying 
to count the scores of dark-skinned men and women of all ages, some of them with small children, 
who were taking part in this graceful saraband. They were wandering in a loose procession, small 
groups breaking away to dance around single trees or bushes. There were well over a hundred of 
them, passing through the forest with no evident route in mind. Their arms and faces were 
transformed by the crystal growth, and already their drab loincloths and robes were beginning to 
frost and jeweL 


As Sanders stood by his cross a small party came over to him in a series of leaps and jumps, 
then gamboled around him like newly admitted entrants to paradise serenading an attendant 
archangel. An old man with a deformed light-filled face passed Sanders, gesturing at his fingerless 


hands as the jeweled light poured from his stunted joints. Sanders remembered the lepers seated 
beneath the trees near the mission hospital. During the previous days the whole tribe had entered the 
forest. They danced away from him on their crippled legs, holding their children by the hands, 
grotesque rainbows dazzling their faces. 


As the lepers moved off, Sanders followed behind them, dragging the cross in both hands. 
Through the trees he saw the train of the procession, but they seemed to vanish as quickly as they 
appeared, as if eager to familiarize themselves with every tree and grove in their new-found 
paradise. However, for no reason the entire troupe then turned and came round again, as if delighted 
to take a last look at Sanders and his cross. As they went by Sanders caught a glimpse of a tall dark- 
robed woman at their head, calling to the others in a clear voice. Her pale arms and face already 
shone with the crystal light of the forest. She turned to look back, and Sanders shouted over the 
bobbing heads: "Suzanne! Suzanne, here--!" 


But the woman and the remainder of the troupe had scattered again among the trees. 
Hobbling along, Sanders found the last remnants of their meager baggage lying on the ground--rag 
shoes and broken baskets, begging bowls with their few grains of rice already half fused to the 
vitrified ground. 


Once Sanders came across the half-crystallized body of a small child who had fallen behind 
and been unable to keep up with the others. Lying down to rest, it had become fused to the ground. 
Sanders listened to the voices fading away among the trees, the child's parents somewhere among 
them. Then he lowered the cross over the child and waited as the crystals deliquesced from its arms 
and legs. Freed again, the child's deformed hands clasped the air. With a Start it clambered to its feet 
and ran off through the trees, the dissolving light pouring from its head and shoulders. 


Sanders was still following the procession, lost far away in the distance, when he reached 
the summer house where Thorensen and Serena Ventress had first taken refuge. It was now dusk, 
and the jewels of the cross shone faintly in the failing light. Already the cross had lost much of its 
power, and most of the smaller diamonds and rubies had faded to blunted nodes of carbon and 
corundum. Only the large emeralds still burned strongly against the white hulk of Thorensen's 
cruiser trapped in its fault in front of the summer house. 


Sanders walked along the bank, past the crystal remains of the mulatto in his crocodile skin. 
The two had become merged, the man himself, half-white and halfblack, fusing with the dark 
jeweled beast. Their own outlines were still visible as they effloresced through each other's tissues. 
The face of the mulatto shone through the superimposed jaws and eyes of the great crocodile. 


The door of the summer house was open. Sanders climbed the steps and walked into the 
chamber. He looked down at the bed, in whose frosted depths, like swimmers asleep on the bottom 
of an enchanted pool, Serena and the mine-owner lay together. Thorensen's eyes were closed, and 
the delicate petals of a blood red rose blossomed from the hole in his breast like an exquisite marine 
plant. Beside him Serena slept quietly, the unseen motion of her heart sheathing her body in a faint 
amber glow, the palest residue of life. Although Thorensen had died trying to save her, she lived on 
in her own half-death. 


Something glittered in the dusk behind Sanders. He turned to see a brilliant chimera, a man 
with incandescent arms and chest, race past among the trees, a cascade of particles diffusing in the 
air behind him. He flinched back behind the cross, but the man had vanished, whirling himself away 
among the crystal vaults. As his luminous wake faded Sanders heard his voice echoing across the 
frosted air, the plaintive words jeweled and ornamented like everything else in that transmogrified 
world. " Serena--! Serena--!_" 


14 The prismatic sun 


Two months later, as he completed his letter to Dr. Paul Derain, director of the leper hospital 
at Fort Isabelle, in the quiet of his hotel bedroom at Port Matarre, Sanders wrote: 


--it seems hard to believe, Paul, here in this empty hotel, that the strange events of that 
phantasmagoric forest ever occurred. Yet in fact I am little more than forty miles as the crow (or 
should I say, the gryphon?) flies from the focal area ten miles to the south of Mont Royal, and if I 
need any reminder there is the barely healed wound on my arm. According to the bartender 
downstairs--I'm glad to say that he, at least, is still at his post (almost everyone else has left) --the 
forest is now advancing at the rate of some four hundred yards each day. One of the visiting 
journalists talking to Louise claims that at this rate of progress at least a third of the earth's surface 
will be affected by the end of the next decade, and a score of the world's capital cities petrified 
beneath layers of prismatic crystal, as Miami has already been--no doubt you have seen reports of 
the abandoned resort as a city of a thousand cathedral spires, a vision materialized from St. John the 
Divine. 


To tell the truth, however, the prospect causes me little worry. As I have said, Paul, it's 
obvious to me now that its origins are more than physical. When I stumbled out of the forest into an 
army cordon five miles from Mont Royal, two days after seeing the helpless phantom that had once 
been Ventress, the gold cross clutched in my arms, I was determined never to visit the forest again. 
By one of those ludicrous inversions of logic, I found myself, far from acclaimed as a hero, standing 
summary trial before a military court and charged with looting. The gold cross had apparently been 
stripped of its jewels--the generous benefaction of the mining companies--and in vain did I protest 
that these vanished stones had been the price of my survival. Only the intercession of Max Clair and 
Louise Peret saved me. At our suggestion a patrol of soldiers equipped with jeweled crosses entered 
the forest in an attempt to find Suzanne and Ventress, but they were forced to retreat. 


Whatever my feelings at the time, however, I know now that I shall one day return to the 
forest at Mont Royal. Each night the fractured disc of the Echo satellite passes overhead, 
illuminating the midnight sky like a silver chandelier. And I am convinced, Paul, that the sun itself 
has begun to effloresce. At sunset, when its disc is veiled by the crimson dust, it seems to be crossed 
by a distinctive latticework, a vast portcullis that will one day spread outwards to the planets and the 
stars, halting them in their courses. 


As the example of that brave apostate priest who gave the cross to me illustrates, there is an 
immense reward to be found in that frozen forest. There the transfiguration of all living and 
inanimate forms occurs before our eyes, the gift of immortality a direct consequence of the 
surrender by each of us of our own physical and temporal identities. However apostate we may be 
in this world, there perforce we become apostles of the prismatic sun. 


So when my recovery is complete I shall return to Mont Royal with one of the scientific 
expeditions passing through here. It should not be too difficult to arrange my escape and then I shall 
return to the solitary church in that enchanted world, where by day fantastic birds fly through the 
petrified forest and jeweled crocodiles glitter like heraldic salamanders on the banks of the 
crystalline rivers, and where by night the illuminated man races among the trees, his arms like 
golden cartwheels and his head like a spectral crown. 


Putting down his pen as Louise Peret entered the room, Dr. Sanders folded the letter and 
placed it in an old envelope from Derain in which he had written asking for Sanders's plans. 


Louise came over to the desk by the window and put her hand on Sanders's shoulder. She 
wore a clean white dress that emphasized the drabness of the rest of Port Matarre--despite the 
transformation of the forest only a few miles away, here at the mouth of the river the vegetation still 
retained its somber appearance, although the motes of light that flickered within the foliage marked 
the crystallization soon to come. 


"Are you still writing to Derain?" she asked. "It's a long letter." 


"There's a lot to say." Sanders sat back, clasping her hand as he looked out at the deserted 
arcade below. A few military landing craft were moored against the police jetty, and beyond them 
the dark river swept away into the interior. The main military base was now at one of the large 
government plantations ten miles up-river. Here an airfield had been constructed and the many 
hundreds of scientists and technicians, not to mention journalists, still trying to gain some 
understanding of the advancing forest were flown in directly, so by-passing Port Matarre. Once 
again the riverside town was half deserted. The native market had closed down. The stall holders 
with their crystallized ornaments had been put out of business by the forest's own over-abundant 
economy. However, now and then, during his walks around Port Matarre, Sanders would see some 
solitary mendicant hanging around near the barracks or police prefecture, an old blanket in his 
basket hiding some grotesque offering of the forest--a crystallized parrot or rivercarp, and once, the 
head and thorax of a baby. 


"Are you resigning then?" Louise asked. "I think you should reconsider--we've talked--" 


"My dear, one can't reconsider things to a hundred places of decimals. Somewhere one's got 
to make a decision." Sanders took the letter from his pocket and tossed it on to the desk. Not to hurt 
Louise, who had stayed with him in the hotel since his rescue, he said: "Actually, I haven't made up 
my mind yet. I'm just using the letter to work the whole thing out." 


Louise nodded, looking down at him. Sanders noticed that she had begun to wear her 
sunglasses again, unconsciously revealing her own private decision about Sanders and his future, 
and their own inevitable separation. However, minor dishonesties such as this were merely the price 
of their own tolerance of one another. 


"Have the police any news about Anderson?" Sanders asked. During their first month in Port 
Matarre Louise had gone down to the prefecture every morning in the hope of getting some news 
about her lost colleague, partly, Sanders guessed, to justify her extended stay with him in the hotel. 
That she could now dispense with this small squaring of her conscience meant that she had made 
other arrangements. "They might have heard something--you never know. You haven't been down?" 


"No. Hardly anyone is entering the zone now." Louise shrugged. "I suppose it's worth 
trying." 


"Of course." Sanders stood up, leaning on the injured arm, and then put on his jacket. 
"How is it?" Louise asked. "Your arm. It seems all right now." 


Sanders patted the elbow. "I think it's healed. Louise, it's been good of you to look after me. 
You know that." 


Louise regarded him from behind her sunglasses. A brief smile, not without affection, 
touched her lips. "What more could I do?" She laughed at this, and then strolled to the door. "I must 
go up to my room and change. Enjoy your walk." 


Sanders followed her to the door, and then held her arm for a moment. When she had gone 
he stood by the door, listening to the few sounds in the almost empty hotel. 


Sitting down at the desk again, he read through his letter to Paul Derain. Thinking about 


Louise at the same time, he realized that he could hardly blame her for deciding to leave him. 
Sanders had in fact forced her out, not so much by his behavior at Port Matarre but simply by not 
being wholly there--his real identity still moved through the forests of Mont Royal. During his 
journey down-river in the ambulance craft with Louise and Max Clair, and his subsequent 
convalescence at Port Matarre, he had felt like the empty projection of a self that still wandered 
through the forest with the jeweled cross in his arms, re-animating the lost children he passed like a 
deity on his day of creation. Louise knew nothing of this, and assumed that he was searching for 
Suzanne. 


There was a knock on the door, and Max Clair let himself into the room. Greeting Sanders 
with a wave, he put his surgical bag down on a chair. Since his arrival in Port Matarre he had been 
helping at the clinic run by the Jesuit fathers. On several occasions the latter had made an attempt to 
see Sanders, for the purpose, he guessed, of questioning him about Father Balthus's self-immolation 
within the forest. Obviously they suspected that his real concern had not been for his parish. 


"Morning to you, Edward--I hope I'm not disturbing your meditation for the day?" 


"T've finished." When Max glanced toward the halfopen door of the bathroom Sanders said: 
"Louise is upstairs. Now, what's the news today?" 


"No idea--I haven't got time to hang around the police station. We're much too busy at the 
clinic. They're coming in from every hedge and byway." 


"What do you expect--there's a doctor there now." Sanders shook his head. "Bring a doctor 
into a place like Port Matarre and you immediately create a major health problem." 


"Well--" Max glanced at Sanders over his glasses, unsure how serious he was being. "I don't 
know about that. We certainly are busy, Edward. As a matter of fact, now that your arm is better we 
thought--the fathers, principally--that you might come and give us a hand. Just a couple of mornings 
a week to start with. The fathers would be grateful to you." 


"I dare say." Sanders looked out at the distant forest. "I'd like to help you, Max, of course. As 
it happens, I'm rather busy at present." 


"But you're not. You're just sitting here all day. Look, it's routine largely, nothing to take 
your mind off higher things, a few maternity cases, pellagra." He added quietly: "Yesterday a couple 
of cases of leprosy came in--I thought you might be interested." 


Sanders turned and studied Max's face, with its bright shortsighted eyes below the domed 
head. The element of guile, if any, in this last remark was hard to assess. For some time Sanders had 
suspected that Max had known all along that Suzanne would run away into the forest after seeing 
Sanders, and that his own pointless search among the hill settlements had been a deliberate means 
of making sure that no one stopped her. During their time in Port Matarre Max rarely referred to 
Suzanne, although his wife by now would be frozen like an icon somewhere within the crystal 
forest. Yet Max's last reference to the lepers, unless intended to provoke him into returning to the 
forest suggested that in fact Max had no idea of the significance of the forest for Suzanne and 
Sanders, that for both of them the only final resolution of the imbalance within their minds, their 
inclination toward the dark side of the equinox, could be found within that crystal world. 


"Two cases of leprosy? I'm not interested in the least." Before Max could speak Sanders 
went on: "Frankly, Max, I'm not sure whether I'm still qualified to help you." 


"What? Of course you are." 


"In absolute terms. It seems to me, Max, that the whole profession of medicine may have 
been superseded.--I don't think the simple distinction between life and death has much meaning 
now. Rather than try to cure those patients you should put them into a launch and send them up- 
river to Mont Royal." 


Max stood up. He made a gesture of helplessness, and then said cheerfully: "I'll come back 
tomorrow. Keep an eye on yourself." 


When he had gone Sanders completed his letter, adding a final paragraph and farewell. 
Sealing it into a fresh envelope, he addressed it to Derain and propped it against the inkwell. He 
then took out his checkbook and signed one of the checks. He slipped these into a second envelope 
on which he wrote Louise's name. 


As he stood up, buttoning his jacket, he noticed Louise and Max talking in the street outside 
the hotel. Recently he had often seen them together, in the foyer of the hotel or at the door of the 
restaurant. He waited until their conversation ended and then went down to the foyer. 


At the desk he paid the previous week's bills for himself and Louise, and settled their 
accounts for a further fortnight. After exchanging a few pleasantries with the Portuguese owner, 
Sanders went out for his usual pre-lunch stroll. 


Usually his walk took him down to the river. He strolled through the deserted arcades, 
noticing, as he did each morning, the strange contrasts between light and shadow despite the 
apparent absence of direct sunlight in Port Matarre. At the corner, opposite the police prefecture, he 
flexed his injured arm for the last time against one of the pillars. Somewhere in the crystalline 
streets of Mont Royal were the missing fragments of himself, living on in their own prismatic 
medium. 


Thinking of Captain Radek and of Suzanne Clair, Sanders reached the waterfront and 
walked down along the deserted jetties. Almost all the native boats had gone, and the settlements on 
the other side of the river had been abandoned. 


One craft, however, as usual still patrolled the empty waterfront. Three hundred yards away 
Sanders could see the red-and-yellow speedboat in which he and Louise had first made their 
journey to Mont Royal. The tall figure of Aragon stood at the helm, letting the boat drift on the tide. 
Every morning he would watch Sanders walk by, but the two men never spoke to one another. 


Sanders walked toward him, feeling the wallet in his jacket. As he reached Aragon the latter 
waved to him, then started his motor and moved off. Puzzled by this, Sanders walked on, and then 
saw that Aragon was taking the craft down-river to the point of the bank where the crystallized body 
of Matthieu had been cast up two months earlier. 


Sanders caught up with the boat, and then walked down the bank toward it. For a moment 
the two men regarded each other. 


"A fine boat you have there, Captain," Sanders said at last, repeating the phrase he had first 
used to Aragon. 


Half an hour later, as they moved off up-river, Sanders leaned back in his seat when they 
passed the central wharves. In the choppy water the spray broke unevenly, the fallen rainbows 
carried away in the dark wake behind them. In the street between the arcades an old Negro was 
standing in the dust with a white shield in his hand, waiting for the boat to go past. On the police 
jetty Louise Peret stood next to Max Clair. Her eyes hidden by the sunglasses, she watched Sanders 
without waving as the boat sped on up the deserted river. 
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To the memory of My Parents 


Preface 

A scientist is supposed to have a complete and 
thorough I of knowledge, at first hand, of some 
subjects and, therefore, is usually expected not to 
write on any topic of which he is not a life, 
master. This is regarded as a matter of noblesse 
oblige. For the present purpose I beg to renounce 
the noblesse, if any, and to be the freed of the 
ensuing obligation. My excuse is as follows: We 
have inherited from our forefathers the keen 
longing for unified, all-embracing knowledge. 
The very name given to the highest institutions 
of learning reminds us, that from antiquity to and 
throughout many centuries the universal aspect 
has been the only one to be given full credit. But 
the spread, both in and width and depth, of the 
multifarious branches of knowledge by during 
the last hundred odd years has confronted us 
with a queer dilemma. We feel clearly that we 
are only now beginning to acquire reliable 
material for welding together the sum total of all 
that is known into a whole; but, on the other 
hand, it has become next to impossible for a 
single mind fully to command more than a small 
specialized portion of it. I can see no other 
escape from this dilemma (lest our true who aim 
be lost for ever) than that some of us should 
venture to embark on a synthesis of facts and 
theories, albeit with second-hand and incomplete 
knowledge of some of them -and at the risk of 
making fools of ourselves. So much for my 
apology. The difficulties of language are not 
negligible. One's native speech is a closely fitting 
garment, and one never feels quite at ease when 
it is not immediately available and has to be 
replaced by another. My thanks are due to Dr 
Inkster (Trinity College, Dublin), to Dr Padraig 
Browne (St Patrick's College, Maynooth) and, 
last but not least, to Mr S. C. Roberts. They were 
put to great trouble to fit the new garment on me 
and to even greater trouble by my occasional 
reluctance to give up some ‘original’ fashion of 
my own. Should some of it have survived the 
mitigating tendency of my friends, it is to be put 
at my door, not at theirs. The head-lines of the 


numerous sections were originally intended to be 
marginal summaries, and the text of every 
chapter should be read in continuo. E.S. 

Dublin September 1944 


Homo liber nulla de re minus quam de morte 
cogitat; et ejus sapientia non mortis sed vitae 
meditatio est. SPINOZA'S Ethics, Pt IV, Prop. 
67 


(There is nothing over which a free man ponders 
less than death; his wisdom is, to meditate not on 
death but on life.) 


CHAPTER 1 
The Classical Physicist's Approach to the Subject 


This little book arose from a course of public 
lectures, delivered by a theoretical physicist to an 
audience of about four hundred which did not 
substantially dwindle, though warned at the 
outset that the subject-matter was a difficult one 
and that the lectures could not be termed popular, 
even though the physicist’s most dreaded 
weapon, mathematical deduction, would hardly 
be utilized. The reason for this was not that the 
subject was simple enough to be explained 
without mathematics, but rather that it was much 
too involved to be fully accessible to 
mathematics. Another feature which at least 
induced a semblance of popularity was the 
lecturer's intention to make clear the fundamental 
idea, which hovers between biology and physics, 
to both the physicist and the biologist. For 
actually, in spite of the variety of topics 
involved, the whole enterprise is intended to 
convey one idea only -one small comment on a 
large and important question. In order not to lose 
our way, it may be useful to outline the plan very 
briefly in advance. The large and important and 
very much discussed question is: How can the 
events in space and time which take place 

within the spatial boundary of a living organism 
be accounted for by physics and chemistry? The 
preliminary answer which this little book will 
endeavor to expound and establish can be 
summarized as follows: The obvious inability of 
present-day physics and chemistry to account for 
such events is no reason at all for doubting that 
they can be accounted for by those sciences. 


STATISTICAL PHYSICS. THE 
FUNDAMENTAL W DIFFERENCE IN 
STRUCTURE 

That would be a very trivial remark if it were 
meant only to stimulate the hope of achieving in 


the future what has not been achieved in the past. 
But the meaning is very much more positive, viz. 
that the inability, up to the present moment, is 
amply accounted for. Today, thanks to the 
ingenious work of biologists, mainly of 
geneticists, during the last thirty or forty years, 
enough is known about the actual material 
structure of organisms and about their 
functioning to state that, and to tell precisely 
why present-day physics and chemistry could not 
possibly account for what happens in space and 
time within a living organism. The arrangements 
of the atoms in the most vital parts of an 
organism and the interplay of these arrangements 
differ in a fundamental way from all those 
arrangements of atoms which physicists and 
chemists have hitherto made the object of their 
experimental and theoretical research. Yet the 
difference which I have just termed fundamental 
is of such a kind that it might easily appear slight 
to anyone except a physicist who is thoroughly 
imbued with the knowledge that the laws of 
physics and chemistry are statistical throughout. 
For it is in relation to the statistical point of view 
that the structure of the vital parts of living 
organisms differs so entirely from that of any 
piece of matter that we physicists and chemists 
have ever handled physically in our laboratories 
or mentally at our writing desks. It is well-nigh 
unthinkable that the laws and regularities thus 
discovered should happen to apply immediately 
to the behaviour of systems which do not exhibit 
the structure on which those laws and regularities 
are based. The non-physicist cannot be expected 
even to grasp let alone to appreciate the 
relevance of the difference in ‘statistical 
structure’ stated in terms so abstract as I have 
just used. To give the statement life and colour, 
let me anticipate what will be explained in much 
more detail later, namely, that the most essential 
part of a living cell-the chromosome fibre may 
suitably be called an aperiodic crystal. In physics 
we have dealt hitherto only with periodic 
crystals. To a humble physicist's mind, these are 
very interesting and complicated objects; they 
constitute one of the most fascinating 

and complex material structures by which 
inanimate nature puzzles his wits. Yet, compared 
with the aperiodic crystal, they are rather plain 
and dull. The difference in structure is of the 
same kind as that between an ordinary wallpaper 
in which the same pattern is repeated again and 
again in regular periodicity and a masterpiece of 
embroidery, say a Raphael tapestry, which shows 
no dull repetition, but an elaborate, coherent, 
meaningful design traced by the great master. In 


calling the periodic crystal one of the most 
complex objects of his research, I had in mind 
the physicist proper. Organic chemistry, indeed, 
in investigating more and more complicated 
molecules, has come very much nearer to that 
‘aperiodic crystal' which, in my opinion, is the 
material carrier of life. And therefore it is small 
wonder that the organic chemist has already 
made large and important contributions to the 
problem of life, whereas the physicist has made 
next to none. 


THE NAIVE PHYSICIST'S APPROACH TO 
THE SUBJECT 

After having thus indicated very briefly the 
general idea -or rather the ultimate scope -of our 
investigation, let me describe the line of attack. I 
propose to develop first what you might call 'a 
naive physicist's ideas about organisms’, that is, 
the ideas which might arise in the mind of a 
physicist who, after having learnt his physics 
and, more especially, the statistical foundation of 
his science, begins to think about organisms and 
about the way they behave and function and who 
comes to ask himself conscientiously whether 
he, from what he has learnt, from the point of 
view of his comparatively simple and clear and 
humble science, can make any relevant 
contributions to the question. It will turn out that 
he can. The next step must be to f compare his 
theoretical anticipations with the biological facts. 
It will then turn out that -though on the whole his 
ideas seem quite sensible -they need to be 
appreciably amended. In this way we shall 
gradually approach the correct view -or, to put it 
more modestly, the one that I propose as the 
correct one. Even if I should be right in this, I do 
not know whether my way of approach is really 
the best and simplest. But, in short, it was mine. 
The 'naive physicist' was myself. And I could not 
find any better or clearer way towards the goal 
than my own crooked one. 


WHY ARE THE ATOMS SO SMALL? 

A good method of developing 'the naive 
physicist's ideas' is to start from the odd, almost 
ludicrous, question: Why are atoms so small? To 
begin with, they are very small indeed. Every 
little piece of matter handled in everyday life 
contains an enormous number of them. Many 
examples have been devised to bring this fact 
home to an audience, none of them more 
impressive than the one used by Lord Kelvin: 
Suppose that you could mark the molecules in a 
glass of water; then pour the contents of the glass 
into the ocean and stir the latter thoroughly so as 


to distribute the marked molecules uniformly 
throughout the seven seas; if then you took a 
glass of water anywhere out of the ocean, you 
would find in it about a hundred of your marked 
molecules. The actual sizes of atoms lie between 
about 1/5000 and 1/2000 the wave-length of 
yellow light. The comparison is significant, 
because the wave-length roughly indicates the 
dimensions of the smallest grain still 
recognizable in the microscope. Thus it will be 
seen that such a grain still contains thousands of 
millions of atoms. Now, why are atoms so 
small? Clearly, the question is an evasion. For it 
is not really aimed at the size of the atoms. It is 
concerned with the size of organisms, more 
particularly with the size of our own corporeal 
selves. Indeed, the atom is small, when referred 
to our civic unit of length, say the yard or the 
metre. In atomic physics one is accustomed to 
use the so-called Angstrom (abbr. A), which is 
the 10'°th part of a metre, or in decimal notation 
0.0000000001 metre. Atomic diameters range 
between | and 2A. Now those civic units (in 
relation to which the atoms are so small) are 
closely related to the size of our bodies. There is 
a story tracing the yard back to the humour of an 
English king whom his councillors asked what 
unit to adopt -and he stretched out his arm 
sideways and said: "Take the distance from the 
middle of my chest to my fingertips, that will do 
all right.’ True or not, the story is significant for 
our purpose. The king would naturally I indicate 
a length comparable with that of his own body, 
knowing that anything else would be very 
inconvenient. With all his predilection for the 
Angstrom unit, the physicist prefers to be told 
that his new suit will require six and a half yards 
of tweed -rather than sixty-five thousand 
millions of Angstroms of tweed. It thus being 
settled that our question really aims at the ratio 
of two lengths -that of our body and that of the 
atom - with an incontestable priority of 
independent existence on the side of the atom, 
the question truly reads: Why must our bodies be 
so large compared with the atom? I can imagine 
that many a keen student of physics or chemistry 
may have deplored the fact that everyone of our 
sense organs, forming a more or less substantial 
part of our body and hence (in view of the 
magnitude of the said ratio) being itself 
composed of innumerable atoms, is much too 
coarse to be affected by the impact of a single 
atom. We cannot see or feel or hear the single 
atoms. Our hypotheses with regard to them differ 
widely from the immediate findings of our gross 
sense organs and cannot be put to the test of 


direct inspection. Must that be so? Is there an 
intrinsic reason for it? Can we trace back this 
state of affairs to some kind of first principle, in 
order to ascertain and to understand why nothing 
else is compatible with the very laws of 

Nature? Now this, for once, is a problem which 
the physicist is able to clear up completely. The 
answer to all the queries is in the affirmative. 


THE WORKING OF AN ORGANISM 
REQUIRES EXACT PHYSICAL LAWS 

If it were not so, if we were organisms so 
sensitive that a single atom, or even a few atoms, 
could make a perceptible impression on our 
senses -Heavens, what would life be like! To 
stress one point: an organism of that kind would 
most certainly not be capable of developing the 
kind of orderly thought which, after passing 
through a long sequence of earlier stages, 
ultimately results in forming, among many other 
ideas, the idea of an atom. Even though we select 
this one point, the following considerations 
would essentially apply also to the functioning of 
organs other than the brain and the sensorial 
system. Nevertheless, the one and only thing of 
paramount interest to us in ourselves is, that we 
feel and think and perceive. To the physiological 
process which is responsible for thought and 
sense all the others play an auxiliary part, at least 
from the human point of view, if not from that of 
purely objective biology. Moreover, it will 
greatly facilitate our task to choose for 
investigation the process which is closely 
accompanied by subjective events, even though 
we are ignorant of the true nature of this close 
parallelism. Indeed, in my view, it lies outside 
the range of natural science and very probably of 
human understanding altogether. We are thus 
faced with the following question: Why should 
an organ like our brain, with the sensorial system 
attached to it, of necessity consist of an 
enormous number of atoms, in order that its 
physically changing state should be in close and 
intimate correspondence with a highly developed 
thought? On what grounds is the latter task of the 
said organ incompatible with being, as a whole 
or in some of its peripheral parts which interact 
directly with the environment, a mechanism 
sufficiently refined and sensitive to respond to 
and register the impact of a single atom from 
outside? The reason for this is, that what we call 
thought (1) is itself an orderly thing, and (2) can 
only be applied to material, i.e. to perceptions or 
experiences, which have a certain degree of 
orderliness. This has two consequences. First, a 
physical organization, to be in close 


correspondence with thought (as my brain is 
with my thought) must be a very well-ordered 
organization, and that means that the events that 
happen within it must obey strict physical laws, 
at least to a very high degree of accuracy. 
Secondly, the physical impressions made upon 
that physically well-organized system by other 
bodies from outside, obviously correspond to the 
perception and experience of the corresponding 
thought, forming its material, as I have called it. 
Therefore, the physical interactions between our 
system and others must, as a rule, themselves 
possess a certain degree of physical orderliness, 
that is to say, they too must obey strict physical 
laws to a certain degree of accuracy. 


PHYSICAL LAWS REST ON ATOMIC 
STATISTICS AND ARE THEREFORE ONLY 
APPROXIMATE 

And why could all this not be fulfilled in the case 
of an organism composed of a moderate number 
of atoms only and sensitive already to the impact 
of one or a few atoms only? Because we know 
all atoms to perform all the time a completely 
disorderly heat motion, which, so to speak, 
opposes itself to their orderly behaviour and does 
not allow the events that happen between a small 
number of atoms to enrol themselves according 
to any recognizable laws. Only in the co- 
operation of an enormously large number of 
atoms do statistical laws begin to operate and 
control the behaviour of these assemblies with an 
accuracy increasing as the number of atoms 
involved increases. It is in that way that the 
events acquire truly orderly features. All the 
physical and chemical laws that are known to 
play an important part in the life of organisms 
are of this statistical kind; any other kind of 
lawfulness and orderliness that one might think 
of is being perpetually disturbed and made 
inoperative by the unceasing heat motion of the 
atoms. 


THEIR PRECISION IS BASED ON THE 
LARGE OF NUMBER OF ATOMS 
INTERVENING 

FIRST EXAMPLE (PARAMAGNETISM) 

Let me try to illustrate this by a few examples, 
picked somewhat at random out of thousands, 
and possibly not just the best ones to appeal to a 
reader who is learning for the first time about 
this condition of things -a condition which in 
modern physics and chemistry is as fundamental 
as, say, the fact that organisms are composed of 
cells is in biology, or as Newton's Law in 
astronomy, or even as the series of integers, 1, 2, 


3,4, 5, ...1n mathematics. An entire newcomer 
should not expect to obtain from the following 
few pages a full understanding and appreciation 
of the subject, which is associated with the 
illustrious names of Ludwig Boltzmann and 
Willard Gibbs and treated in textbooks under the 
name of 'statistical thermodynamics'. If you fill 
an oblong quartz tube with oxygen gas and put it 
into a magnetic field, you find that the gas is 
magnetized. The magnetization is due to the fact 
that the oxygen molecules are little magnets and 
tend to orientate themselves parallel to the field, 
like a compass needle. But you must not think 
that they actually all turn parallel. For if you 
double the field, you get double the 
magnetization in your oxygen body, and that 
proportionality goes on to extremely high field 
strengths, the magnetization increasing at the rate 
of the field you apply. This is a particularly clear 
example of a purely statistical law. The 
orientation the field tends to produce is 
continually counteracted by the heat motion, 
which works for random orientation. The effect 
of this striving is, actually, only a small 
preference for acute over obtuse angles between 
the dipole axes and the field. Though the single 
atoms change their orientation incessantly, they 
produce on the average (owing to their enormous 
number) a constant small preponderance of 
orientation in the direction of the field and 
proportional to it. This ingenious explanation is 
due to the French physicist P. Langevin. It can 
be checked in the following way. If the observed 
weak magnetization is really the outcome of rival 
tendencies, namely, the magnetic field, which 
aims at combing all the molecules parallel, and 
the heat motion, which makes for random 
orientation, then it ought to be possible to 
increase the magnetization by weakening the 
heat motion, that is to say, by lowering the 
temperature, instead of reinforcing the field. That 
is confirmed by experiment, which gives the 
magnetization inversely proportional to the 
absolute temperature, in quantitative agreement 
with theory (Curie's law). Modern equipment 
even enables us, by lowering the temperature, to 
reduce the heat motion to such insignificance 
that the orientating tendency of the magnetic 
field can assert itself, if not completely, at least 
sufficiently to produce a substantial fraction of 
‘complete magnetization’. In this case we no 
longer expect that double the field strength will 
double the magnetization, but that the latter will 
increase less and less with increasing field, 
approaching what is called 'saturation'. This 
expectation too is quantitatively confirmed by 


experiment. Notice that this behaviour entirely 
depends on the large numbers of molecules 
which co-operate in producing the observable 
magnetization. Otherwise, the latter would not be 
an constant at all, but would, by fluctuating quite 
irregularly of from one second to the next, bear 
witness to the vicissitudes of pe the contest 
between heat motion and field. 


SECOND EXAMPLE (BROWNIAN 
MOVEMENT, DIFFUSION) 

If you fill the lower part of a closed glass vessel 
with fog, pt consisting of minute droplets, you 
will find that the upper or boundary of the fog 
gradually sinks, with a well-defined velocity, 
determined by the viscosity of the air and the 
size and the specific gravity of the droplets. But 
if you look at one of the droplets under the 
microscope you find that it does not permanently 
sink with constant velocity, but performs a very 
irregular movement, the so-called Brownian 
movement, which corresponds to a regular 
sinking only on the average. Now these droplets 
are not atoms, but they are sufficiently small and 
light to be not entirely insusceptible to the 
impact of one single molecule of those which 
hammer their surface in perpetual impacts. They 
are thus knocked about and can only on the 
average follow the influence of gravity. This 
example shows what funny and disorderly 
experience we should have if our senses were 
susceptible to the impact of a few molecules 
only. There are bacteria and other organisms so 
small that they are strongly affected by this 
phenomenon. Their movements are determined 
by the thermic whims of the surrounding 
medium; they have no choice. If they had some 
locomotion of their own they might nevertheless 
succeed in on getting from one place to another - 
but with some difficulty, since the heat motion 
tosses them like a small boat in a rough sea. A 
phenomenon very much akin to Brownian 
movement is that of diffusion. Imagine a vessel 
filled with a fluid, say water, with a small 
amount of some coloured substance dissolved in 
it, say potassium permanganate, not in uniform 
concentration, but rather as in Fig. 4, where the 
dots indicate the molecules of the dissolved 
substance (permanganate) and the concentration 
diminishes from left to right. If you leave this 
system alone a very slow process of ‘diffusion’ 
sets in, the at permanganate spreading in the 
direction from left to right, that is, from the 
places of higher concentration towards the places 
of lower concentration, until it is equally 
distributed of through the water. The remarkable 


thing about this rather simple and apparently not 
particularly interesting process is that it is in no 
way due, as one might think, to any tendency or 
force driving the permanganate molecules away 
from the crowded region to the less crowded one, 
like the population of a country spreading to 
those parts where there is more elbow-room. 
Nothing of the sort happens with our 
permanganate molecules. Every one of them 
behaves quite independently of all the others, 
which it very seldom meets. Everyone of them, 
whether in a crowded region or in an empty one, 
suffers the same fate of being continually 
knocked about by the impacts of the water 
molecules and thereby gradually moving on in 
an unpredictable direction -sometimes towards 
the higher, sometimes towards the lower, 
concentrations, sometimes obliquely. The kind 
of motion it performs has often been compared 
with that of a blindfolded person on a large 
surface imbued with a certain desire of 'walking', 
but without any preference for any particular 
direction, and so changing his line 

continuously. That this random walk of the 
permanganate molecules, the same for all of 
them, should yet produce a regular flow towards 
the smaller concentration and ultimately make 
for uniformity of distribution, is at first sight 
perplexing -but only at first sight. If you 
contemplate in Fig. 4 thin slices of 
approximately constant concentration, the 
permanganate molecules which in a given 
moment are contained in a particular slice will, 
by their random walk, it is true, be carried with 
equal probability to the right or to the left. But 
precisely in consequence of this, a plane 
separating two neighbouring slices will be 
crossed by more molecules coming from the left 
than in the opposite direction, simply because to 
the left there are more molecules engaged in 
random walk than there are to the right. And as 
long as that is so the balance will show up as a 
regular flow from left to right, until a uniform 
distribution is reached. When these 
considerations are translated into mathematical 
language the exact law of diffusion is reached in 
the form of a partial differential equation 
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which I shall not trouble the reader by 
explaining, though its meaning in ordinary 
language is again simple enough. The reason for 
mentioning the stern 'mathematically exact' law 
here, is to emphasize that its physical exactitude 
must nevertheless be challenged in every 


particular application. Being based on pure 
chance, its validity is only approximate. If it is, 
as a rule, a very good approximation, that is only 
due to the enormous number of molecules that 
co-operate in the phenomenon. The smaller their 
number, the larger the quite haphazard deviations 
we must expect and they can be observed under 
favourable circumstances. 


THIRD EXAMPLE (LIMITS OF ACCURACY 
OF MEASURING) 

The last example we shall give is closely akin to 
the second c one, but has a particular interest. A 
light body, suspended by a long thin fibre in 
equilibrium orientation, is often used by 
physicists to measure weak forces which deflect 
it from that position of equilibrium, electric, 
magnetic or gravitational forces being applied so 
as to twist it around the vertical axis. (The light 
body must, of course, be chosen appropriately 
for ! the particular purpose.) The continued effort 
to improve the accuracy of this very commonly 
used device of a 'torsional balance’, has 
encountered a curious limit, most interesting in 
itself. In choosing lighter and lighter bodies and 
thinner and longer fibres -to make the balance 
susceptible to weaker and weaker forces -the 
limit was reached when the suspended body 
became noticeably susceptible to the impacts of 
the heat motion of the surrounding molecules 
and began to perform an incessant, irregular 
'dance' about its equilibrium position, much like 
the trembling of the droplet in the second 
example. Though this behaviour sets no absolute 
limit to the accuracy of measurements obtained 
with the balance, it sets a practical one. The 
uncontrollable effect of the heat motion 
competes with the effect of the force to be 
measured and makes the ;t' law single deflection 
observed insignificant. You have to multiply 
never- observations, in order to eliminate the 
effect of the Brownian Being movement of your 
instrument. This example is, I think, particularly 
illuminating in our present investigation. For our 
to the organs of sense, after all, are a kind of 
instrument. We can see in the how useless they 
would be if they became too sensitive. 


THE Vn RULE 

So much for examples, for the present. I will 
merely add that there is not one law of physics or 
chemistry, of those that are relevant within an 
organism or in its interactions with its 
environment, that I might not choose as an 
example. The second detailed explanation might 
be more complicated, but the salient point would 


always be the same and thus the description 
would become monotonous. But I should like to 
add one very important quantitative statement 
concerning the degree of inaccuracy to be 
expected in any physical law, the so-called Vn 
law. I will first illustrate it by a simple example 
and then generalize it. If I tell you that a certain 
gas under certain conditions of pressure and 
temperature has a certain density, and if I 
expressed this by saying that within a certain 
volume (of a size relevant for some experiment) 
there are under these conditions just n molecules 
of the gas, then you might be sure that if you 
could test my statement in a particular moment 
of time, you would find it inaccurate, the 
departure being of the order of Vn. Hence if the 
number n = 100, you would find a departure of 
about 10, thus relative error = 10%. But n= 1 
million, you would be likely to find a departure 
of about 1,000, thus relative error = 1\10%. Now, 
roughly speaking, this statistical law is quite 
general. The laws of physics and physical 
chemistry are inaccurate within a probable 
relative error of the order of 1/\/Vn, where n is 
the number of molecules that co-operate to bring 
about that law -to produce its validity within 
such regions of space or time (or both) that 
matter, for some considerations or for some 
particular experiment. You see from this again 
that an organism must have a comparatively 
gross structure in order to enjoy the benefit of 
fairly accurate laws, both for its internal life and 
for its , interplay with the external world. For 
otherwise the number of co-operating particles 
would be too small, the 'law' too inaccurate. The 
particularly exigent demand is the square root. 
For though a.million is a reasonably large 
number, an accuracy of Just lin 1,000 is not 
overwhelmingly good, Ifa thing claims the 
dignity of being a 'Law of Nature. 


CHAPTER 2 
The Hereditary Mechanism 


THE CLASSICAL PHYSICIST'S 
EXPECTATION, FAR FROM BEING 
TRIVIAL, IS WRONG 

Thus we have come to the conclusion that an 
organism and all the biologically relevant 
processes that it experiences must have an 
extremely 'many-atomic' structure and must be 
safeguarded against haphazard, 'single-atomic' 
events attaining too great importance. That, the 
‘naive physicist' tells us, is essential, so that the 
organism may, so to speak, have sufficiently 
accurate physical laws on which to draw for 


setting up its marvellously regular and well- 
ordered working. How do these conclusions, 
reached, biologically speaking, a priori (that is, 
from the purely physical point of view), fit 

in with actual biological facts? At first sight one 
is inclined to think that the conclusions are little 
more than trivial. A biologist of, say, thirty years 
ago might have said that, although it was quite 
suitable for a popular lecturer to emphasize the 
importance, in the organism as elsewhere, of 
statistical physics, the point was, in fact, rather a 
familiar truism. For, naturally, not only the body 
of an adult individual of any higher species, but 
every single cell composing it contains a 
‘cosmical' number of single atoms of every kind. 
And every particular physiological process that 
we observe, either within the cell or in its 
interaction with the cell environment, appears -or 
appeared thirty years ago -to involve such 
enormous numbers of single atoms and single 
atomic processes that all the relevant laws of 
physics and physical chemistry would be 
safeguarded even under the very exacting 
demands of statistical physics in respect of large 
numbers; this demand illustrated just now by the 
Vn rule. Today, we know that this opinion would 
have been a mistake. As we shall presently see, 
incredibly small groups of atoms, much too 
small to display exact statistical laws, do play a 
dominating role in the very orderly and lawful 
events within a living organism. They have 
control of the observable large-scale features 
which the organism acquires in the course of its 
development, they determine important 
characteristics of its functioning; and in all this 
very sharp and very strict me biological laws are 
displayed. I must begin with giving a brief 
summary of the situation in biology, more 
especially in genetics -in other words, I have to 
summarize the present state of knowledge in a 
subject of which I am not a master. This cannot 
be helped and I apologize, particularly to any 
biologist, for the dilettante character of my 
summary. On the other hand, I beg leave to put 
the prevailing ideas before you more or less 
dogmatically. A poor theoretical physicist could 
not be expected to produce anything like a 
competent survey of the experimental evidence, 
which consists of a large number of long and 
beautifully interwoven series of breeding 
experiments of truly unprecedented ingenuity on 
the one hand and of direct observations of the 
living cell, conducted with all the refinement of 
modern microscopy, on the other. 


THE HEREDITARY CODE-SCRIPT 
(CHROMOSOMES) 

Let me use the word 'pattern' of an organism in 
the sense in be which the biologist calls it 'the 
four-dimensional pattern’, meaning not only the 
structure and functioning of that organism in the 
adult, or in any other particular stage, but the 
whole of its ontogenetic development from the 
fertilized egg the cell to the stage of maturity, 
when the organism begins to reproduce itself. 
Now, this whole four-dimensional pattern is 
known to be determined by the structure of that 
one cell, the fertilized egg. Moreover, we know 
that it is essentially determined by the structure 
of only a small part of that cell, its large nucleus. 
This nucleus, in the ordinary 'resting state' of the 
cell, usually appears as a network of chromatine, 
distributed over the cell. But in the vitally 
important processes of cell division (mitosis and 
meiosis, see below) it is seen to consist of a set 
of particles, usually fibre-shaped or rod-like, 
called the chromosomes, which number 8 or 12 
or, in man, 48. But I ought really to have written 
these illustrative numbers as 2 X 4,2 X 6, ...,2 X 
24, ..., and I ought to have spoken of two sets, in 
order to use the expression in the customary 
strict meaning of the biologist. For though the 
single chromosomes are sometimes clearly 
distinguished and individualized by shape and 
size, the two sets are almost entirely alike. As we 
have shall see in a moment, one set comes from 
the mother (egg cell), one from the father 
(fertilizing spermatozoon). It is these 
chromosomes, or probably only an axial skeleton 
fibre of what we actually see under the 
microscope as the chromosome, that contain in 
some kind of code-script the entire pattern of the 
individual's future development and of its 
functioning in the mature state. Every complete 
set of chromosomes contains the full code; so 
there are, as a rule, two copies of the latter in the 
fertilized egg cell, which forms the earliest stage 
of the future individual. In calling the structure 
of the chromosome fibres a code-script we mean 
that the all-penetrating mind, once conceived by 
Laplace, to which every causal connection lay 
immediately open, could tell from their structure 
whether the egg would develop, under suitable 
conditions, into a black cock or into a speckled 
hen, into a fly or a maize plant, a rhododendron, 
a beetle, a mouse or a woman. To which we may 
add, that the appearances of the egg cells are 
very often remarkably similar; and even when 
they are not, as in the case of the comparatively 
gigantic eggs of birds and reptiles, the difference 
is not been so much the relevant structures as in 


the nutritive material which in these cases is 
added for obvious reasons. But the term 
code-script is, of course, too narrow. The 
chromosome structures are at the same time 
instrumental in bringing about the development 
they foreshadow. They are law-code and 
executive power -or, to use another simile, they 
are architect's plan and builder's craft -in one. 


GROWTH OF THE BODY BY CELL 
DIVISION (MITOSIS) 

How do the chromosomes behave in 
ontogenesis? The growth of an organism is 
effected by consecutive cell met divisions. Such 
a cell division is called mitosis. It is, in the life of 
a cell, not such a very frequent event as one 
might expect, considering the enormous number 
of cells of which our body is composed. In the 
beginning the growth is rapid. The egg divides 
into two ‘daughter cells' which, at the next step, 
will produce a generation of four, then of 8, 16, 
32, 64, ..., etc. The frequency of division will not 
remain exactly the same in all parts of the 
growing body, and that will break the regularity 
of these numbers. But from their rapid increase 
we infer by an easy computation that on the 
average as few as 50 or 60 successive divisions 
suffice to produce the number of cells in a grown 
man -or, say, ten times the number, taking into 
account the exchange of cells during lifetime. 
Thus, a body cell of mine is, on the average, only 
the 50th or 60th 'descendant' of the egg that was 
I. 


IN MITOSIS EVERY CHROMOSOME IS 
DUPLICATED 

How do the chromosomes behave on mitosis? 
They duplicate -both sets, both copies of the 
code, duplicate. The process has been intensively 
studied under the microscope and is of 
paramount interest, but much too involved to 
describe here in detail. The salient point is that 
each of the two 'daughter cells' gets a dowry of 
two further complete sets of chromosomes 
exactly similar to those of the parent cell. So all 
the body cells are exactly alike as regards their 
chromosome treasure. However little we 
understand the device we cannot but think that it 
must be in some way very relevant to the 
functioning of the organism, that every single 
cell, even a less important one, should be in 
possession of a complete (double) copy of the 
code-script. Some time ago we were told in the 
newspapers that in his African campaign General 
Montgomery made a point of having every 
single soldier of his army meticulously informed 


of all his designs. If that is true (as it conceivably 
might be, considering the high intelligence and 
reliability of his troops) it provides an excellent 
analogy to our case, in which the corresponding 
fact certainly is literally true. The most 
surprising fact is the doubleness of the 
chromosome set, maintained throughout the 
mitotic divisions. That it is the outstanding 
feature of the genetic mechanism is most 
strikingly revealed by the one and only departure 
from the rule, which we have now to discuss. 


REDUCTIVE DIVISION (MEIOSIS) AND 
FERTILIZATION (SYNGAMY) 

Very soon after the development of the 
individual has set in, a group of cells is reserved 
for producing at a later stage the so-called 
gametes, the sperm cells or egg cells, as the case 
may be, needed for the reproduction of the 
individual in maturity. 'Reserved' means that 
they do not serve other purposes in the meantime 
and suffer many fewer mitotic divisions. The 
exceptional or reductive division (called meiosis) 
is the one by which eventually, on maturity, the 
gametes posed to are produced from these 
reserved cells, as a rule only a short time before 
syngamy is to take place. In meiosis the double 
chromosome set of the parent cell simply 
separates into two single sets, one of which goes 
to each of the two daughter cells, the gametes. In 
other words, the mitotic doubling of the number 
of chromosomes does not take place in meiosis, 
the number remains constant and thus every 
gamete receives only half -that is, only one 
complete copy of the code, not two, e.g. in man 
only 24:, not 2 X 24: = 4:8. Cells with only one 
chromosome set are called haploid (from Greek 
arhowx, single). Thus the gametes are haploid, 
the ordinary body cells diploid (from Greek 
Oxdwy, double). Individuals with three, four, 
..or generally speaking with many chromosome 
sets in all their body cells occur occasionally; the 
latter are then called triploid, tetraploid, ..., 
polyploid. In the act of syngamy the male 
gamete (spermatozoon) and the female gamete 
(egg), both haploid cells, coalesce to form the 
fertilized egg cell, which is thus diploid. One of 
its chromosome sets comes from the mother, one 
from the father. 


HAPLOID INDIVIDUALS 

One other point needs rectification. Though not 
indispensable for our purpose it is of real 
interest, since it shows that actually a fairly 
complete code-script of the ‘pattern’ is contained 
in every single set of chromosomes. There are 


instances of meiosis not being followed shortly 
after by fertilization, the haploid cell (the 
‘gamete') under- going meanwhile numerous 
mitotic cell divisions, which result in building up 
a complete haploid individual. This is the case in 
the male bee, the drone, which is produced 
parthenogenetically, that is, from non-fertilized 
and therefore haploid eggs of the queen. The 
drone has no father! All its body cells are 
haploid. If you please, you may call it a grossly 
exaggerated spermatozoon; and actually, as 
everybody knows, to function as such happens to 
be its one and only task in life. However, that is 
perhaps a ludicrous point of view. For the case is 
not two quite unique. There are families of plants 
in which the haploid gamete which is produced 
by meiosis and is called a spore in the such cases 
falls to the ground and, like a seed, develops into 
a the true haploid plant comparable in size with 
the diploid. Fig. 5 is a rough sketch of a moss, 
well known in our forests. The leafy lower part is 
the haploid plant, called the gametophyte, 
because at its upper end it develops sex organs 
and gametes, which by mutual fertilization 
produce in the ordinary way the diploid plant, 
the bare stem with the capsule at the top. This is 
called the sporophyte, because it produces, by 
meiosis, the spores in the capsule at the top. 
When the capsule opens, the spores fall to the 
ground and develop into a leafy stem, etc. The 
course of events is appropriately called 
alternation of generations. You may, if you 
choose, look upon the ordinary case, man and the 
animals, in the same way. But the 'gametophyte' 
is then as a rule a very short-lived, unicellular 
generation, spermatozoon or egg cell as the case 
may be. Our body corresponds to the sporophyte. 
Our 'spores' are the reserved cells from which, by 
meiosis, the unicellular generation springs. 


THE OUTSTANDING RELEVANCE OF 

THE REDUCTIVE DIVISION 

The important, the really fateful event in the 
process of reproduction of the individual is not 
fertilization but meiosis. One set of 
chromosomes is from the father, one from the 
mother. Neither chance nor destiny can interfere 
with that. Every man owes just half of his 
inheritance to his mother, half of it to his father. 
That one or the other strain seems often to 
prevail is due to other reasons which we shall 
come to later. (Sex itself is, of course, the 
simplest instance of such prevalence.). But when 
you trace the origin of your inheritance back to 
your grandparents, the case is different. Let me 
fix attention on my paternal set of chromosomes, 


in particular on one of them, say No.5. It is a 
faithful replica either of the No.5 my father 
received from his father or of the No.5 he had 
received from his mother. The issue was decided 
by a 50:50 chance in the meiosis taking place in 
my father's body in November 1886 and 
producing the spermatozoon which a few days 
later was to be effective in begetting me. Exactly 
the same story could be repeated about 
chromosomes Nos. 1, 2, 3, ...,24 of my paternal 
set, and mutatis mutandis about every one of my 
maternal chromosomes. Moreover, all the 48 
issues are fi entirely independent. Even if it were 
known that my paternal it chromosome No.5 
came from my grandfather Josef Schrodinger, 
the No.7 still stands an equal chance of being 
either also from him, or from his wife Marie, nee 
Bogner. 


CROSSING-OVER. LOCATION OF 
PROPERTIES 

But pure chance has been given even a wider 
range in mixing the grandparental inheritance in 
the offspring than would appear from the 
preceding description, in which it has been 
tacitly assumed, or even explicitly stated, that a 
particular chromosome as a whole was either 
from the grandfather or back to from the 
grandmother; in other words that the single 
chromosomes are passed on undivided. In actual 
fact they are not, or on one of not always. Before 
being separated in the reductive division, No.5 
my say the one in the father's body, any two 
‘homologous' chromosomes come into close 
contact with each other, during chance in which 
they sometimes exchange entire portions in the 
way illustrated in Fig. 6. By this process, called 
‘crossing-over', days later two properties situated 
in the respective parts of that chromosome will 
be separated in the grandchild, who will follow 
the grandfather in one of them, the grandmother 
in the other one. The act of crossing-over, being 
neither very rare nor very issues are frequent, has 
provided us with invaluable information 
regarding the location of properties in the 
chromosomes. For a full account we should have 
to draw on conceptions not introduced before the 
next chapter (e.g. heterozygosy, dominance, 
etc.); but as that would take us beyond the range 
of this little book, let me indicate the salient 
point right away. If there were no crossing-over, 
two properties for which the same chromosome 
is responsible would always be passed on in 
mixing together, no descendant receiving one of 
them without receiving the other as well; but two 
properties, due to different it has been 


chromosomes, would either stand a 50:50 chance 
of being separated or they would invariably be 
separated -the latter when they were situated in 
homologous chromosomes of the same ancestor, 
which could never go together. These rules and 
chances are interfered with by crossing-over. 
Hence the probability of this event can be 
ascertained by registering carefully the 
percentage composition of the off-spring in 
extended breeding experiments, suitably laid out 
for at the purpose. In analysing the statistics, one 
accepts the suggestive working hypothesis that 
the 'linkage' between two properties situated in 
the same chromosome, is the less frequently 
broken by crossing-over, the nearer they lie to 
each other. For then there is less chance of the 
point of exchange lying between them, whereas 
properties located near the opposite ends of the 
chromosomes are separated by every crossing- 
over. (Much the same applies to the 
recombination of properties located in 
homologous chromosomes of the same ancestor.) 
In this way one may expect to get from the 
statistics of linkage' a sort of 'map of properties’ 
within every chromosome. These anticipations 
have been fully confirmed. In the cases to which 
tests have been thoroughly applied (mainly, but 
not only, Drosophila) the tested properties 
actually divide into as h many separate groups, 
with no linkage from group to group, as there are 
different chromosomes (four in Drosophila). 
Within every group a linear map of properties 
can be drawn up which accounts quantitatively 
for the degree of linkage it between any two of 
that group, so that there is little doubt h that they 
actually are located, and located along a line, as 
the rod-like shape of the chromosome suggests. 
Of course, the scheme of the hereditary 
mechanism, as drawn up here, is still rather 
empty and colourless, even slightly naive. For 
we have not said what exactly we understand by 
a property. It seems neither adequate nor 
possible to dissect into discrete ‘properties’ the 
pattern of an organism which is essentially a 
unity, a ‘whole’. Now, what we actually state in 
any particular case is, that a pair of ancestors 
were different in a certain well-defined respect 
(say, one had blue eyes, the other brown), and 
that the offspring follows in this respect either 
one or the other. What we locate in 

the chromosome is the seat of this difference. 
(We call it, in technical language, a ‘locus’, or, if 
we think of the hypothetical material structure 
underlying it, a 'gene'.) Difference of by 
property, to my view, is really the fundamental 
concept rather than property itself, 


notwithstanding the apparent linguistic out for 
and logical contradiction of this statement. The 
differences of Its the properties actually are 
discrete, as will emerge in the next chapter when 
we have to speak of mutations and the dry 
scheme hitherto presented will, as I hope, acquire 
more life each colour. 


MAXIMUM SIZE OF A GENE 

We have just introduced the term gene for the 
hypothetical same material carrier of a definite 
hereditary feature. We must now the stress two 
points which will be highly relevant to our every 
investigation. The first is the size -or, better, the 
maximum size -of such a carrier; in other words, 
to how small a volume can we trace the location? 
The second point will be the permanence of a 
gene, to be inferred from the durability of the 
hereditary pattern. As regards the size, there are 
two entirely independent estimates, one resting 
on genetic evidence (breeding experiments), the 
other on cytological evidence (direct microscopic 
inspection). The first is, in principle, simple 
enough. After having, in the way described 
above, located in the chromosome a considerable 
number of different (large-scale) features (say of 
the Drosophila fly) within a particular one of its 
chromosomes, to get the required estimate we 
need only divide the measured length of that 
chromosome by the number of features and 
multiply by the cross-section. For, of course, we 
count as different only such features as are 
occasionally separated by crossing-over, so that 
they cannot be due to the same (microscopic or 
molecular) structure. On the other hand, it is 
clear that our estimate can only give a maximum 
size, because the number of features isolated by 
in this genetic analysis is continually increasing 
as work goes on. The other estimate, though 
based on microscopic inspection, is really far 
less direct. Certain cells of Drosophila (namely, 
those of its salivary glands) are, for some reason, 
enormously enlarged, and so are their 
chromosomes. In them you distinguish a 
crowded pattern of transverse dark bands across 
the fibre. C. D. Darlington has remarked that the 
number of these bands (2,000 in the case he 
uses) is, though, considerably larger, yet roughly 
of the same order of magnitude as the number of 
genes located in that chromosome by breeding 
experiments. He inclines to regard these bands as 
indicating the actual genes (or separations of 
genes). Dividing the length of the chromosome, 
measured in a normal-sized cell by their number 
(2,000) he finds the volume of a gene equal to a 
cube of edge 300 A. Considering the roughness 


of the estimates, we may regard this to be also 
the size obtained by the first method. 


SMALL NUMBERS 

A full discussion of the bearing of statistical 
physics on all the facts I am recalling -or 
perhaps, I ought to say, of the bearing of these 
facts on the use of statistical physics in the living 
cell will follow later. But let me draw attention at 
this point to the fact that 300 A is only about 100 
or 150 atomic distances in a liquid or in a solid, 
so that a gene contains certainly not more than 
about a million or a few million atoms. That 
number is much too small (from the Vv point of 
view) to entail an orderly and lawful behaviour 
according to statistical physics -and that means 
according to physics. It is too small, even if all 
these atoms played the same role, as they do in a 
gas or in a drop of liquid. And the gene is most 
certainly not just a homogeneous drop of liquid. 
It is probably a large protein molecule, in which 
every atom, every radical, every heterocyclic 
ring plays an individual role, more or less 
different from that played by any of the other 
similar atoms, radicals, or rings. This, at any 
rate, is the opinion of leading geneticists such as 
Haldane and Darlington, and we shall soon have 
to refer to genetic experiments which come very 
near to proving it. 


PERMANENCE 

Let us now turn to the second highly relevant 
question: What degree of permanence do we 
encounter in hereditary properties and what must 
we therefore attribute to the material structures 
which carry them? The answer to this can really 
be given without any special investigation. The 
mere fact that we speak of hereditary properties 
indicates that we recognize the permanence to be 
of the almost absolute. For we must not forget 
that what is passed on by the parent to the child 
is not just this or that peculiarity, a hooked nose, 
short fingers, a tendency to rheumatism, 
haemophilia, dichromasy, etc. Such features we 
may conveniently select for studying the laws of 
heredity. But actually it is the whole (four- 
dimensional) pattern of the ‘phenotype’, the all 
the visible and manifest nature of the individual, 
which is reproduced without appreciable change 
for generations, permanent within centuries - 
though not within tens of thousands of years -and 
borne at each transmission by the material in a 
structure of the nuclei of the two cells which 
unite to form the fertilized egg cell. That is a 
marvel -than which only one is greater; one that, 
if intimately connected with it, yet lies ona 


different plane. I mean the fact that we, whose 
total being is entirely based on a marvellous 
interplay of this very kind, yet if all possess the 
power of acquiring considerable knowledge 
about it. I think it possible that this knowledge 
may advance to little just a short of a complete 
understanding -of the first marvel. The second 
may well be beyond human understanding. 


CHAPTER 3 
Mutations 


'JUMP-LIKE' MUTATIONS -THE 
WORKING- GROUND OF NATURAL 
SELECTION 

The general facts which we have just put forward 
in evidence of the durability claimed for the gene 
structure, are perhaps too familiar to us to be 
striking or to be regarded as convincing. Here, 
for once, the common saying that exceptions 
prove the rule is actually true. If there were no 
exceptions to the likeness between children and 
parents, we should have been deprived not only 
of all those beautiful experiments which have 
revealed to us the detailed mechanism of 
heredity, but also of that grand, million-fold 
experiment of Nature, which forges the species 
by natural selection and survival of the fittest. 
Let me take this last important subject as the 
starting-point for presenting the relevant facts - 
again with an apology and a reminder that I am 
not a biologist. We know definitely, today, that 
Darwin was mistaken in regarding the small, 
continuous, accidental variations, that are bound 
to occur even in the most homogeneous 
population, as the material on which natural 
selection works. For it has been proved that they 
are not inherited. The fact is important enough to 
be illustrated briefly. If you take a crop of 
pure-strain barley, and measure, ear by ear, the 
length of its awns and plot the result of your 
statistics, you will get a bell-shaped curve as 
shown in Fig. 7, where the number of ears with a 
definite length of awn is plotted against the 
length. In other words: a definite medium length 
prevails, and deviations in either direction occur 
with certain frequencies. Now pick out a group 
of ears (as indicated by blackening) with awns 
noticeably beyond the average, but sufficient in 
number to be sown in a field by themselves and 
give a new crop. In making the same statistics 
for this, Darwin would have expected to find the 
corresponding curve shifted to the right. In other 
words, he would have expected to produce by 
selection an increase of the average length of the 
awns. That is not the case, if a truly pure-bred 


strain of barley has been used. The new 
statistical curve, obtained from the selected crop, 
is identical with the first one, and the same 
would be the case if ears with particularly short 
awns had been selected for seed. Selection has 
no effect -because the small, continuous 
variations are not inherited. They are obviously 
not based on the structure of the hereditary 
substance, they are accidental. But about forty 
years ago the Dutchman de Vries discovered that 
in the offspring even of thoroughly pure-bred 
stocks, a very small number of individuals, say 
two or three in tens of thousands, turn up with 
small but 'jump-like' changes, the expression 
‘yjump-like' not meaning that the change is so 
very considerable, but that there is a 
discontinuity inasmuch as there are no 
intermediate forms between the unchanged and 
the few changed. De Vries called that a mutation. 
The significant fact is the discontinuity. It 
reminds a physicist of quantum theory -no 
intermediate energies occurring between two 
neighbouring energy levels. He would be 
inclined to call de Vries's mutation theory, 
figuratively, the quantum theory of biology. We 
shall see later that this is much more 

than figurative. The mutations are actually due to 
quantum jumps in the gene molecule. But 
quantum theory was but two years old when de 
Vries first published his discovery, in 1902. 
Small wonder that it took another generation to 
discover the intimate connection! 


THEY BREED TRUE, THAT IS, THEY ARE 
PERFECTLY INHERITIED 

Mutations are inherited as perfectly as the 
original, correctly unchanged characters were. 
To give an example, in the first crop of barley 
considered above a few ears might turn up 

with awns considerably outside the range of 
variability shown in Fig. 7, say with no awns at 
all. They might represent a de Vries mutation 
and would then breed perfectly true, that is to 
We must say, all their descendants would be 
equally awnless. Hence a mutation is definitely a 
change in the hereditary without treasure and has 
to be accounted for by some change in the 
hereditary substance. Actually most of the 
important breeding experiments, which have 
revealed to us the mechanism of by a heredity, 
consisted in a careful analysis of the 

offspring obtained by crossing, according to a 
preconceived plan, mutated (or, in many cases, 
multiply mutated) with non-mutated or with 
differently mutated individuals. On the other 
hand, by virtue of their breeding true, mutations 


are a suitable material on which natural selection 
may work and produce the species as described 
by Darwin, by eliminating the unfit and letting 
the fittest survive. In Darwin's theory, you 

just have to substitute 'mutations' for his 'slight 
accidental variations’ (just as quantum theory 
substitutes 'quantum jump' for 'continuous 
transfer of energy’). In all other respects little 
change was necessary in Darwin's theory, that is, 
if I am correctly interpreting the view held by the 
majority of biol ogists. 


LOCALIZATION, RECESSIVITY AND 
DOMINANCE 

We must now review some other fundamental 
facts and notions about mutations, again in a 
slightly dogmatic manner, without showing 
directly how they spring, one by one, from the 
experimental evidence. We should expect a 
definite observed mutation to be caused by a 
change in a definite region in one of the 
chromosomes. And so it is. It is important to 
state that we know definitely, that it is a change 
in one chromosome only, but not in the 
corresponding 'locus' of the homologous 
chromosome. Fig. 8 indicates this schematically, 
the cross denoting the mutated a locus. The fact 
that only one chromosome is affected is revealed 
when the mutated individual (often called 
‘mutant'’) is crossed with a non-mutated one. For 
exactly half of the offspring exhibit the mutant 
character and half the normal one. That is what is 
to be expected as a consequence of the 
separation of the two chromosomes on meiosis 
in the mutant as shown, very schematically, in 
Fig. 9. This is a pedigree’, representing every 
individual (of three consecutive generations) 
simply by the pair of chromosomes in question. 
Please realize that if the mutant had both its 
chromosomes affected, all the children would 
receive the same (mixed) inheritance, different 
from that of either parent. But experimenting in 
this domain is not as simple as would appear 
from what has just been said. It is complicated 
by the second important fact, viz. that mutations 
are very often latent. What does that mean? In 
the mutant the two copies of the code-script are 
no longer identical; they present two different 
'readings' or 'versions', at any rate in that one 
place. Perhaps it is well to point out at once that, 
while it might be tempting, it would nevertheless 
be entirely wrong to regard the original version 
as 'orthodox', and the mutant version as ‘heretic’. 
We have to is regard them, in principle, as being 
of equal right -for the normal characters have 
also arisen from mutations. What actually 


happens is that the 'pattern' of the individual, as a 
general rule, follows either the one or the other 
rte version, which may be the normal or the 
mutant one. The -version which is followed is 
called dominant, the other, recessive; in other 
words, the mutation is called dominant or 
recessive, according to whether it is immediately 
effective in changing the pattern or not. 
Recessive mutations are even more frequent than 
dominant ones and are very important, though at 
first they do not show up at all. To affect the 
pattern, they have to be present in both 
chromosomes (see Fig. 10). Such individuals can 
be produced when two equal recessive mutants 
happen to be crossed with each other or when a 
mutant is crossed with itself; this is possible in 
hermaphroditic plants and even happens 
spontaneously. An easy reflection shows that in 
these cases about one-quarter of the offspring 
will be of this type and thus visibly exhibit the 
mutated pattern. 


INTRODUCING SOME TECHNICAL 
LANGUAGE 

I think it will make for clarity to explain here a 
few technical terms. For what I called 'version of 
the code-script' -be it the original one or a mutant 
one -the term 'allele' has been; adopted. When 
the versions are different, as indicated in Fig. 8, 
the individual is called heterozygous, with 
respect to that locus. When they are equal, as in 
the non-mutated individual or in the case of Fig. 
10, they are called homozygous. Thus a recessive 
allele influences the pattern only when 
homozygous, whereas a dominant allele 
produces the same pattern, whether homozygous 
or only heterozygous. Colour is very often 
dominant over lack of colour (or white). Thus, 
for example, a pea will flower white only when it 
has the 'recessive allele responsible for white’ in 
both chromosomes in question, when it is 
‘homozygous for white'; it will then breed true, 
and all its descendants will be white. But one 'red 
allele' (the other being white; 'heterozygous') will 
make it flower red, and so will two red alleles 
(‘homozygous’). The difference of the latter two 
cases will only show up in the offspring, 

when the heterozygous red will produce some 
white descendants, and the homozygous red will 
breed true. The fact that two individuals may be 
exactly alike in their outward appearance, yet 
differ in their inheritance, is so important that an 
exact differentiation is desirable. The geneticist 
says they have the same phenotype, but different 
genotype. The contents of the preceding 
paragraphs could thus be summarized in the 


brief, but highly technical statement: A recessive 
allele influences the phenotype only when the 
genotype is homozygous. We shall use these 
technical expressions occasionally, but shall 
recall their meaning to the reader where 
necessary. 


THE HARMFUL EFFECT OF 
CLOSE-BREEDING 

Recessive mutations, as long as they are only 
heterozygous, are of course no working-ground 
for natural selection. If they are detrimental, as 
mutations very often are, they will nevertheless 
not be eliminated, because they are latent. Hence 
quite a host of unfavourable mutations may 
accumulate and do no immediate damage. But 
they are, of course, transmitted to that half of the 
offspring, and that has an important application 
to man, cattle, poultry or any other species, the 
good physical qualities of which are of 
immediate concern to us. In Fig. 9 it is assumed 
that a male individual (say, for concreteness, 
myself) carries such a recessive detrimental 
mutation heterozygously, so that it does not 
show up. Assume that my wife is free of it. Then 
half of our children (second line) will also carry 
it -again heterozygously. If all of them are again 
mated with non-mutated partners (omitted from 
the diagram, to avoid reed confusion), a quarter 
of our grandchildren, on the average, will be 
affected in the same way. No danger of the evil 
ever becoming manifest arises, unless of equally 
affected individuals are crossed with each other, 
when, as an easy reflection shows, one-quarter of 
their children, being homozygous, would 
manifest the damage. Next to self-fertilization 
(only possible in hermaphrodite plants) the 
greatest danger would be a marriage between a 
son and a daughter of mine. Each of them 
standing an even chance of being latently 
affected or not, one-quarter of these incestuous 
unions would be dangerous inasmuch as 
one-quarter of its children would manifest the 
damage. The danger factor for an incestuously 
bred child is thus 1: 16. In the same way the 
danger: factor works out to be 1 :64 for the 
offspring of a union between two (‘clean-bred') 
grand- children of mine who are first cousins. 
These do not seem to be but overwhelming odds, 
and actually the second case is usually tolerated. 
But do not forget that we have analysed the 
consequences of only one possible latent injury 
in one partner of the ancestral couple ('me and 
my wife'). Actually both of them are quite likely 
to harbour more than one latent deficiency of this 
kind. If you know that you yourself harbour a 


definite one, you have to reckon with | out of 8 
of your first cousins sharing it! Experiments with 
plants and animals seem to indicate that in 
addition to comparatively rare deficiencies of a 
serious kind, there seem to be a host of minor 
ones whose chances combine to deteriorate the 
offspring of close-breeding as a whole. Since we 
are no longer inclined to eliminate failures in the 
harsh way the Lacedemonians used to adopt in 
the Taygetos mountain, we have to take a 
particularly serious view about these things in 
the case of man, were natural selection of the 
fittest is largely retrenched, nay, turned to the 
contrary. The anti-selective effect of the modern 
mass slaughter of the healthy youth of all nations 
is hardly outweighed by the consideration that in 
more primitive conditions war may have had a 
positive value in letting the fittest survive. 


GENERAL AND HISTORICAL REMARKS 
The fact that the recessive allele, when 
heterozygous, is completely overpowered by the 
dominant and produces no visible effects at all, 
is amazing. It ought at least to mentioned that 
there are exceptions to this behaviour. When 

a homozygous white snapdragon is crossed with, 
equally homozygous, crimson snapdragon, all 
the immediate descendants are intermediate in 
colour, i.e. they are pink (not crimson, as might 
be expected). A much more important case of 
two alleles exhibiting their influence 
simultaneously occurs in blood-groups -but we 
cannot enter into that here. I should not be 
astonished if at long last recessivity should turn 
our to be capable of degrees and to depend on 
the sensitivity of the tests we apply to examine 
the ‘phenotype’. This is perhaps the place for a 
word on the early history of genetics. The 
backbone of the theory, the law of inheritance, to 
successive generations, of properties in which 
the parents differ, and more especially the 
important distinction recessive-dominant, are due 
to the now world famous Augustininan Abbot 
Gregor Mendel (1822-84). Mendel knew nothing 
about mutations and chromosomes. In his 
cloister gardens in Brunn (Brno) he made 
experiments on the garden pea, of first which he 
reared different varieties, crossing them and 
watching their offspring in the Ist, 2nd, 3rd, ..., 
generation. You might say, he experimented with 
mutants which he found ready-made in nature. 
The results he published as early as 1866 in the 
Proceedings of the Naturforschender Verein in 
Brunn. Nobody seems to have been particularly 
interested in the abbot's hobby, and nobody, 
certainly, had the faintest idea that his discovery 


would in the twentieth century become the 
lodestar of an entirely new branch of science, 
easily the most interesting of our days. His paper 
was forgotten and was only rediscovered in 
1900, simultaneously and independently, by 
Correns (Berlin), de Vries (Amsterdam) and 
Tschermak may (Vienna). 


THE NECESSITY OF MUTATION BEING A 
RARE EVENT 

So far we have tended to fix our attention on 
harmful mutations, which may be the more 
numerous; but it must be definitely stated that we 
do encounter advantageous mutations as well. If 
a spontaneous mutation is a small step in the 
development of the species, we get the 
impression that some change is 'tried out’ in 
rather a haphazard fashion at the risk n, as of its 
being injurious, in which case it is automatically 
eliminated. This brings out one very important 
point. In order to be suitable material for the 
work of natural selection, mutations must be rare 
events, as they actually are. If they were so 
frequent that there was a considerable chance of, 
say, a dozen of different mutations occurring in 
the same individual, the injurious ones would, as 
a rule, predominate over the advantageous ones 
and the species, instead of being improved by 
selection, would remain unimproved, or would 
perish. The comparative conservatism which 
results from the high degree of permanence of 
the genes is essential. An analogy might be 
sought in the working of a large manufacturing 
plant in a factory. For developing better 
methods, innovations, even if as yet unproved, 
must be tried out. But in order to ascertain 
whether the innovations improve or decrease the 
output, it is essential that they should be 
introduced one at a time, while all the other parts 
of the mechanism are kept constant. 


MUTATIONS INDUCED BY X-RAYS 

We now have to review a most ingenious series 
of genetical research work, which will prove to 
be the most relevant feature of our analysis. The 
percentage of mutations in the offspring, the 
so-called mutation rate, can be increased to a 
high multiple of the Small natural mutation rate 
by irradiating the parents with X-rays or y-rays. 
The mutations produced in this way differ in no 
way (except by being more numerous) from 
those occurring spontaneously, and one has the 
impression that every ‘natural’ mutation can also 
be induced by X-rays. In Drosophila many 
special mutations recur spontaneously again and 
to you again in the vast cultures; they have been 


located in the chromosome, as described on pp. 
26-9, and have been given special names. There 
have been found even what are called say, on 
‘multiple alleles', that is to say, two or more 
different 'versions' and 'readings' -in addition to 
the normal, non-mutated one -of the same place 
in the chromosome code; that means not only 
two, but three or more alternatives in that 
particular one 'locus', any two of which are to 
each other in the relation 'dominant-recessive' 
when they occur simultaneously in their 
corresponding loci of the two homologous 
chromosomes. The experiments on X-ray- 
produced mutations give the impression that 
every particular 'transition', say from the normal 
individual to a particular mutant, or conversely, 
has its individual 'X-ray coefficient', indicating 
the percentage of the offspring which turns out to 
have mutated in that particular way, when a unit 
dosage of X-ray has been applied to the parents, 
before the offspring was engendered. 


FIRST LAW. MUTATION IS A SINGLE 
EVENT 

Furthermore, the laws governing the induced 
mutation rate are extremely simple and 
extremely illuminating. I follow here the report 
of N. W. Timofeeff, in Biological Reviews, vol. 
IX, 1934. To a considerable extent it refers to 
that author's own beautiful work. The first law is 
(1) The increase is exactly proportional to the 
dosage of rays, so that one can actually speak (as 
I did) of a coefficient of increase. We are so used 
to simple proportionality that we are liable to 
underrate the far-reaching consequences of this 
simple law. To grasp them, we may remember 
that the price of a commodity, for example, is 
not always proportional to its amount. In 
ordinary times a shopkeeper may be so 

much every impressed by your having bought six 
oranges from him, that, on your deciding to take 
after all a whole dozen, he may give it to you for 
less than double the price of the six. In times of 
scarcity the opposite may happen. In the present 
case, we conclude that the first half-dosage of 
radiation, while causing, say, one out of a 
thousand descendants to mutate, has not 
influenced the rest at all, either in the way of 
predisposing them for, or of immunizing them 
against, mutation. For otherwise the second 
half-dosage would not cause again just one out 
of a thousand to mutate. Mutation is thus not an 
accumulated effect, brought about by 
consecutive small portions of radiation 
reinforcing each other. It must consist in some 


single event occurring in one chromosome 
during irradiation. What kind of event? 


SECOND LAW. LOCALIZATION OF THE 
EVENT 

This is answered by the second law, viz. (2) If 
you vary the quality of the rays (wave-length) 
within wide limits, from soft X-rays to fairly 
hard y-rays, the coefficient remains constant, 
provided you give the same dosage in so-called 
r-units, that is to say, provided you measure the 
dosage by the total amount standard substance 
during the time and at the place where the 
parents are exposed to the rays. As standard 
substance one chooses air not only for 
convenience, but also for the reason that organic 
tissues are composed of elements of the same 
atomic weight as air. A lower limit for the 
amount of ionizations or allied processes 
(excitations) in the tissue is obtained simply by 
multiplying the number of ionizations in air by 
the ratio of the densities. It is thus fairly obvious, 
and is confirmed by a more critical investigation, 
that the single event, causing a mutation, is just 
an ionization (or similar process) occurring 
within some 'critical' volume of the germ cell. 
What is the size of this critical volume? It can be 
estimated from the observed mutation rate by a 
consideration of this kind: if a dosage of 50,000 
ions per cm3 produces a chance of only 1:1000 
for any particular gamete (that finds itself in the 
irradiated district) to mutate in that particular 
way, we conclude that the critical volume, the 
‘target’ which has to be ‘hit’ by an ionization 

for that mutation to occur, is only 1/1000 of 
1/50000 of a cm3, that is to say, one fifty- 
millionth of a cm3. The numbers are not the right 
ones, but are used only by way of illustration. In 
the actual estimate we follow M. Delbruck, in a 
paper by Delbruck, N.W. Timofeeffand K.G. 
Zimmer, which will also be the principal source 
of the theory to be expounded in the following 
two chapters. He arrives there at a size of only 
about ten average atomic distances cubed, 
containing thus only about 10° = a thousand 
atoms. The simplest interpretation of this result 
is that there is a fair chance of producing that 
mutation when an ionization (or excitation) 
occurs not more than about '10 atoms away' from 
some particular spot in the chromosome. We 
shall discuss this in more detail presently. The 
Timofeeff report contains a practical hint which I 
cannot refrain from mentioning here, though it 
has, of course, no bearing on our present 
investigation. There are plenty of occasions in 
modern life when a human being has to be 


exposed to X-rays. The direct dangers involved, 
as burns, X-ray cancer, sterilization, are well 
known, and protection by lead screens, lead- 
loaded aprons, etc., is provided, especially for 
nurses and doctors who have to handle the rays 
regularly. The point is, that even when these 
imminent dangers to the individual are 
successfully warded off, there appears to be the 
indirect danger of small detrimental mutations 
being produced in the germ cells -mutations of 
the kind envisaged when we spoke of the 
unfavourable results of close-breeding. To put it 
drastically, though perhaps a little naively, the 
injuriousness marriage between first cousins 
might very this well be increased by the fact that 
their grandmother had served for a long period as 
an X-ray nurse. It is not a point that need worry 
any individual personally. But any possibility of 
gradually infecting the human race with 
unwanted latent mutations ought to be a matter 
of concern to the community. 


CHAPTER 4 

The Quantum-Mechanical Evidence 

Thus, aided by the marvellously subtle 
instrument of X-rays (which, as the physicist 
remembers, revealed thirty years ago really the 
detailed atomic lattice structures of crystals), the 
united efforts of biologists and physicists have of 
late succeeded in reducing the upper limit for the 
size of the microscopic structure, being 
responsible for a definite large-scale feature of 
the individual- the 'size of a gene' -and reducing 
it far below the estimates obtained on pp. 29-30. 
We are now seriously faced with the question: 
How can we, from the point of view of statistical 
physics, reconcile the facts that the gene 
structure seems to involve only a comparatively 
small number of atoms (of the order of 1,000 and 
possibly much less), and that value nevertheless 
it displays a most regular and lawful activity - 
with a durability or permanence that borders 
upon the miraculous? Let me throw the truly 
amazing situation into relief once again. Several 
members of the Habsburg dynasty have a 
peculiar disfigurement of the lower lip 
(‘Habsburger Lippe’). Its inheritance has been 
studied carefully and published, complete with 
historical portraits, by the Imperial Academy In 
Vienna, under the auspices of the family. The 
feature proves to be a genuinely Mendelian 
‘allele’ to the normal form of the lip. Fixing our 
attention on the portraits of a member of the 
family in the sixteenth century and of his 
descendant, living in the nineteenth, we may 
safely assume that the material gene structure, 


responsible for the abnormal feature, has been 
carried on from generation to generation through 
the centuries, faithfully reproduced at every one 
of the not very numerous cell divisions that lie 
between. Moreover, the number of atoms 
involved in the responsible gene structure is 
likely to be of the same order of magnitude as in 
the cases tested by X-rays. The gene has been 
kept at a temperature around 98°F during all that 
time. How are we to understand that it has 
remained unperturbed by the disordering 
tendency of the heat motion for centuries? A 
physicist at the end of the last century would 
have been at a loss to answer this question, if he 
was prepared to draw only on those laws of 
Nature which he could explain and which he 
really understood. Perhaps, indeed, after a short 
reflection on the statistical situation he would 
have answered (correctly, as we shall see): These 
material structures can only be molecules. Of the 
existence, and sometimes very high stability, of 
these associations of atoms, chemistry had 
already acquired a widespread knowledge at the 
time. But the knowledge was purely empirical. 
The nature of a molecule was not understood - 
the strong mutual bond of the atoms which keeps 
a molecule in shape was a complete conundrum 
to everybody. Actually, the answer proves to be 
correct. But it is of limited value as long as the 
enigmatic biological stability is traced back only 
to an equally enigmatic chemical stability. The 
evidence that two features, similar in appearance, 
are based on the same principle, is always 
precarious as long as the principle itself is 
unknown. 


EXPLICABLE BY QUANTUM THEORY 

In this case it is supplied by quantum theory. In 
the light of present knowledge, the mechanism of 
heredity is closely related to, nay, founded on, 
the very basis of quantum theory. This theory 
was discovered by Max Planck in 1900. Modern 
genetics can be dated from the rediscovery of 
Mendel's paper by de Vries, Correns and 
Tschermak (1900) and from de Vries's paper on 
mutations (1901-3). Thus the births of the two 
great theories nearly coincide, and it is small 
wonder that both of them had to reach a certain 
maturity before the connection could emerge. On 
the side of quantum theory it took more than a 
quarter of a century till in 1926-7 the quantum 
theory of the chemical bond was outlined in its 
general principles by W. Heitler and F. London. 
The Heitler-London theory involves the most 
subtle and intricate conceptions of the latest 
development of quantum theory (called ‘quantum 


mechanics' or ‘wave mechanics’). A presentation 
without the use of calculus is well-nigh 
impossible or would at least require another little 
volume each like this. But fortunately, now that 
all work has been done and has served to clarify 
our thinking, it seems to be possible to point out 
in a more direct manner the connection between 
‘quantum jumps' and mutations, to pick out at the 
moment the most conspicuous item. That is what 
we attempt here. 


QUANTUM THEORY -DISCRETE STATES — 
QUANTUM JUMPS 

The great revelation of quantum theory was that 
features of a discreteness were discovered in the 
Book of Nature, in context in which anything 
other than continuity seemed to be absurd 
according to the views held until then. The first 
case of this kind concerned energy. A body on 
the large scale changes its energy continuously. 
A pendulum, for instance, that is set swinging is 
gradually slowed down by the resistance of the 
air. Strangely enough, it proves necessary 

to admit that a system of the order of the atomic 
scale behaves differently. On grounds upon 
which we cannot enter here, we then have to 
assume that a small system can by its very nature 
possess only certain discrete amounts of energy, 
called its peculiar energy levels. The transition 
from one state to another is a rather mysterious 
event, which is usually called a quantum Jump. 
But energy is not the only characteristic of a 
system. Take again our pendulum, but think of 
one that can perform different kinds of 
movement, a heavy ball suspended by a string 
from the ceiling can be made to swing in a north- 
south or east-west or any other direction or in a 
circle or in an ellipse. By gently blowing the ball 
with a bellows, it can be made to pass 
continuously from one state of motion to other. 
For small-scale systems most of these or similar 
characteristics -we cannot enter into details - 
change discontinuously. They are 'quantized', 
just as the energy is. The result is that a number 
of atomic nuclei, including their bodyguards of 
electrons, when they find themselves close to 
each other, forming 'a system’, are unable by 
their very nature to adopt any arbitrary 
configuration we might think of. Their very 
nature leaves them only a very numerous but 
discrete series of 'states' to choose from. We 
usually call them levels or energy levels, because 
the energy is a very relevant part of the 
characteristic. But it must be understood that the 
complete description includes much more than 
just the energy. It is virtually correct to think of a 


state as meaning a definite configuration of all 
the corpuscles. The transition from one of these 
configurations to another is a quantum jump. If 
the second one has the greater energy (‘is a 
higher level’), the system must be supplied from 
outside with at least the difference of the two 
energies to make the transition possible. To a 
lower level it can change spontaneously on the 
spending the surplus of energy in radiation. 


MOLECULES 

Among the discrete set of states of a given 
selection of atoms in such a state form a 
molecule. The point to stress here is, that the 
molecule will of necessity have a certain 
stability; the configuration cannot change, unless 
at least the energy difference, necessary to ‘lift’ it 
to the next higher level, is supplied from outside. 
Hence this level difference, which is a well- 
defined quantity, determines quantitatively the 
degree of stability of the molecule. It will be 
observed how intimately this fact is linked with 
the very basis of quantum theory, viz. with the 
discreteness of the level scheme. I must beg the 
reader to take it for granted that this order of 
ideas has been thoroughly checked by chemical 
facts; and that it has proved successful in 
explaining the basic fact of chemical valency and 
many details about the structure of molecules, 
their binding-energies, their stabilities at 
different temperatures, and so on. I am speaking 
of the Heitler- London theory, which, as I said, 
cannot be examined in detail here. 


THEIR STABILITY DEPENDENT ON 
TEMPERATURE 

We must content ourselves with examining the 
point which is of paramount interest for our 
biological question, namely, the stability of a 
molecule at different temperatures. Take our 
system of atoms at first to be actually in its state 
of lowest energy. The physicist would call it a 
molecule at the absolute zero of temperature. To 
lift it to the next higher state or level a definite 
supply of energy is required. The simplest way 
of trying to supply it is to 'heat up' your 
molecule. You bring it into an environment of 
higher temperature (‘heat bath’), thus allowing 
other systems (atoms, molecules) to impinge 
upon it. Considering the entire irregularity of 
heat motion, there is no sharp temperature limit 
at which the ‘lift’ will be brought about with 
certainty and immediately. Rather, at any 
temperature (different from absolute zero) there 
is a certain smaller or greater chance for the lift 
to occur, the chance increasing of course with the 


temperature of the heat bath. The best way 

to express this chance is to indicate the average 
time you will have to wait until the lift takes 
place, the 'time of expectation'. From an 
investigation, due to M. Polanyi and E. Wigner, 
the 'time of expectation' largely depends on the 
ratio of two energies, one being just the energy 
difference itself that is required to effect the lift 
(let us write W for it), the other one 
characterizing the intensity of the heat motion at 
the temperature in question (let us write T for the 
absolute temperature and kT for the 
characteristic energy). It stands to reason that the 
chance for effecting the lift is smaller, and hence 
that the time of expectation is longer, the higher 
the lift itself compared with the average heat 
energy, that is to say, the greater the ratio W:kT. 
What is amazing is how enormously the time of 
expectation depends on comparatively small 
changes of the ratio W:kT. To give an example 
(following Delbruck): for W 30 times kT the 
time of expectation might be as short as 1\10s., 
but would rise to 16 months when W is 50 times 
kT, and to 30,000 years when W is 60 times kT! 


MATHEMATICAL INTERLUDE 

It might be as well to point out in mathematical 
language -for those readers to whom it appeals - 
the reason for this enormous sensitivity to 
changes in the level step or temperature, and to 
add a few physical remarks of a similar kind. 
The reason is that the time of expectation, call it 
t, depends on the ratio W/kT by an exponential 
function, thus t = teW/kT. t is a certain small 
constant of the order of 10.)3 or 10's. Now, this 
particular exponential function is not an 
accidental feature. It recurs again and again in 
the statistical theory of heat, forming, as it were, 
its backbone. It is a measure of the improbability 
of an energy amount as large as W gathering 
accidentally in some particular part of the 
system, and it is this improbability which 
increases so enormously when a considerable 
multiple of the 'average energy’ kT is required. 
Actually a W = 30kT (see the example quoted 
above) is already extremely rare. That it does not 
yet lead to an enormously long time of 
expectation (only 1/10s. in our example) is, of 
course, due to the smallness of the factor T. This 
factor has a physical meaning. It is of the order 
of the period of the vibrations which take place 
in the system all the time. You could, very 
broadly, describe this factor as meaning that the 
chance of accumulating the required amount W, 
though very small, recurs again and again 'at 


every vibration’, that is to say, about 10° or 10'* 
times during every second. 


FIRST AMENDMENT 

In offering these considerations as a theory of the 
stability of the molecule it has been tacitly 
assumed that the quantum jump which we called 
the ‘lift’ leads, if not to a complete disintegration, 
at least to an essentially different 

configuration of the same atoms -an isomeric 
molecule, as the chemist would say, that is, a 
molecule composed of the same atoms in a 
different arrangement (in the application to 
biology it is going to represent a different ‘allele’ 
in the same 'locus' and the quantum jump will 
represent a mutation). To allow of this 
interpretation two points must be amended in our 
story, which I purposely simplified to make it at 
all intelligible. From the way I told it, it might be 
imagined that only in its very lowest state does 
our group of atoms form what we call a molecule 
and that already the next higher state is 
‘something else’. That is not so. Actually the 
lowest level is followed by a crowded series of 
levels which do not involve any appreciable 
change in the configuration as a whole, but only 
correspond to those small vibrations among the 
atoms free which we have mentioned above. 
They, too, are 'quantized', but with 
comparatively small steps from one level to the 
next. Hence the impacts of the particles of the 
‘heat bath' may suffice to set them up already at 
fairly low temperature. If the molecule is an 
extended structure, you may conceive these 
vibrations as high-frequency sound waves, 
crossing the molecule without doing it any harm. 
So the first amendment is not very serious: we 
have to disregard the 'vibrational fine-structure’ 
of the level scheme. The term 'next higher level’ 
has to be understood as meaning the next level 
that corresponds to a relevant change of 
configuration. 


SECOND AMENDMENT 

The second amendment is far more difficult to 
explain, involve because it is concerned with 
certain vital, but rather complicated, features of 
the scheme of relevantly different levels. The 
atoms free passage between two of them may be 
obstructed, quite apart from the required energy 
supply; in fact, it may be obstructed even from 
the higher to the lower state. Let us start from the 
empirical facts. It is known to the chemist that 
the same group of atoms can unite in more than 
one way to form a molecule. Such molecules are 
called isomeric (‘consisting of the same parts’). 


Isomerism is not an exception, it is the rule. The 
larger the molecule, the more isomeric 
alternatives are offered. Fig. II shows one of the 
simplest cases, the two kinds of propyl alcohol, 
both consisting of 3 carbons (C), 8 hydrogens 
(H), | oxygen (0). The latter can be interposed 
between any hydrogen and its carbon, but only 
the two cases shown in our figure are different 
substances. And they really are. All their 
physical and chemical constants are distinctly 
different. Also their energies are different, they 
represent 'different levels'. The remarkable fact is 
that both molecules are perfectly stable, both 
behave as though they were ‘lowest states’. 
There are no spontaneous transitions from either 
state towards the other. The reason is that the 
two configurations are not neighbouring 
configurations. The transition from one to the 
other can only take place over intermediate 
configurations which have a greater energy than 
either of them. To put it crudely, the oxygen has 
to be extracted from one position and has to 

be inserted into the other. There does not seem to 
be a way of doing that without passing through 
configurations of considerably higher energy. 
The state of affairs is sometimes figuratively 
pictured as in Fig. 12, in which I and 2 represent 
the two isomers, 3 the 'threshold' between them, 
and the two arrows indicate the 'lifts', that is to 
say, the energy supplies required to produce the 
transition from state I to state 2 or from state 2 to 
state I, respectively. Now we can give our 
‘second amendment’, which is that transitions of 
this 'isomeric' kind are the only ones in which we 
shall be interested in our biological application. 
It was these we had in mind when explaining 
‘stability’ on pp. 49-51. The ‘quantum jump' 
which we mean is the transition from one 
relatively stable molecular configuration to 
another. The energy supply required for the 
transition (the quantity denoted by W) is not the 
actual level difference, but the step from the 
initial level up to the threshold (see the arrows 
in Fig. 12). Transitions with no threshold 
interposed between the initial and the final state 
are entirely uninteresting, and that not only in 
our biological application. They have actually 
nothing to contribute to the chemical stability of 
the molecule. Why? They have no lasting effect, 
they remain unnoticed. For, when they occur, 
they are almost immediately followed by a 
relapse so into the initial state, since nothing 
prevents their return. 


CHAPTER 5 
Delbruck's Model Discussed and Tested 


THE GENERAL PICTURE OF THE 
HEREDITARY SUBSTANCE 

From these facts emerges a very simple answer 
to our question, namely: Are these structures, 
composed of comparatively few atoms, capable 
of withstanding for long periods the disturbing 
influence of heat motion to which the hereditary 
substance is continually exposed? We shall 
assume the structure of a gene to be that of a 
huge molecule, capable only of discontinuous 
change, which consists in a rearrangement of the 
atoms and leads to an isomeric molecule. The 
rearrangement may affect only a small region of 
the gene, and a vast number of different 
rearrangements may be possible. The energy 
thresholds, separating the actual configuration 
from any possible isomeric ones, have to be high 
enough (compared with the average heat energy 
of an atom) to make the change-over a rare 
event. These rare events we shall identify with 
spontaneous mutations. The later parts of this 
chapter will be devoted to putting this general 
picture of a gene and of mutation (due mainly 
to! the German physicist M. Delbruck) to the 
test, by comparing it in detail with genetical 
facts. Before doing so, we may fittingly make 
some comment on the foundation and general 
nature of the theory. 


THE UNIQUENESS OF THE PICTURE 

Was it absolutely essential for the biological 
question to dig up the deepest roots and found 
the picture on quantum mechanics? The 
conjecture that a gene is a molecule is today, I 
dare say, a commonplace. Few biologists, 
whether familiar with quantum theory or not, 
would disagree with it. On p. 47 we ventured to 
put it into the mouth of a pre-quantum physicist, 
as the only reasonable explanation of the 
observed permanence. The subsequent 
considerations about isomerism, threshold 
energy, the paramount role of the ratio W:kT in 
determining the probability of an isomeric 
transition -all that could very well be introduced 
to our purely empirical basis, at any rate without 
drawing on quantum theory. Why did I so 
strongly insist on the quantum-mechanical 
periods the point of view, though I could not 
really make it clear in this little book and may 
well have bored many a reader? Quantum 
mechanics is the first theoretical aspect which 
accounts from first principles for all kinds of 
aggregates of atoms actually encountered in 
Nature. The Heitler-London bondage is a unique, 
singular feature of the theory, not invented for 


the purpose of explaining the chemical bond. It 
comes in quite by itself, in a highly interesting 
and puzzling manner, being forced upon us by 
entirely different considerations. It proves to 
correspond exactly with the observed chemical 
facts, and, as I said, it is a unique feature, well 
enough understood to tell with reasonable 
certainty that 'such a thing could not happen 
again' in the further development of quantum 
theory. Consequently, we may safely assert that 
there is no alternative to the molecular 
explanation of the hereditary substance. The 
physical aspect leaves no other possibility to 
account for itself and of its permanence. If the 
Delbruck picture should fail, we would have to 
give up further attempts. That is the first point I 
wish to make. 


SOME TRADITIONAL MISCONCEPTIONS 
But it may be asked: Are there really no other 
endurable structures composed of atoms except 
molecules? Does not a gold coin, for example, 
buried in a tomb for a couple of thousand years, 
preserve the traits of the portrait stamped on it? It 
is true that the coin consists of an enormous 
number of atoms, but surely we are in this case 
not inclined to attribute the mere preservation of 
shape to the statistics of large numbers. The 
same remark applies to a neatly developed batch 
of crystals we find embedded in a rock, where it 
must have been for geological periods without 
changing. That leads us to the second point I 
want to elucidate. The cases of a molecule, a 
solid crystal are not really different. In the light 
of present knowledge they are virtually the 
same. Unfortunately, school teaching keeps up 
certain traditional views, which have been out of 
date for many years and which obscure the 
understanding of the actual state of 

affairs. Indeed, what we have learnt at school 
about molecules does not give the idea that they 
are more closely akin to the solid state than to 
the liquid or gaseous state. On the contrary, we 
have been taught to distinguish carefully 
between a physical change, such as melting or 
evaporation in which the molecules are 
preserved (so that, for example, alcohol, whether 
solid, liquid or a gas, always consists of the same 
molecules, C2H6O), and a chemical change, as, 
for example, the burning of alcohol, C2H60 + 
302 = 2C02 + 3H20, where an alcohol molecule 
and three oxygen molecules undergo a 
rearrangement to form two molecules of carbon 
dioxide and three molecules of water. About 
crystals, we have been taught that they form 
three-fold periodic lattices, in which the structure 


of the single molecule is sometimes 
recognizable, as in the case of alcohol, and most 
organic compounds, while in other crystals, e.g. 
rock-salt (NaCI), NaCI molecules cannot be 
unequivocally delimited, because every Na atom 
is symmetrically surrounded by six CI atoms, 
and vice versa, so that it is largely arbitrary what 
pairs, if any, are regarded as molecular partners. 
Finally, we have been told that a solid can be 
crystalline or not, and in the latter case we call it 
amorphous. 


DIFFERENT STATES OF MATTER 

Now I would not go so far as to say that all these 
statements and distinctions are quite wrong. For 
practical purposes they are sometimes useful. 
But in the true aspect of the structure of matter 
the limits must be drawn in an entirely different 
way. The fundamental distinction is between the 
two lines of the following scheme of 'equations': 


molecule = solid = crystal. 
gas = liquid = amorphous. 


We must explain these statements briefly. The 
so-called amorphous solids are either not really 
amorphous or not really solid. In 'amorphous' 
charcoal fibre the rudimentary structure of the 
graphite crystal has been disclosed by X-rays. So 
charcoal is a solid, but also crystalline. Where 
we find no crystalline structure we have to 
regard the thing as a liquid with very high 
‘viscosity' (internal friction). Such a substance 
discloses by the absence of a well-defined 
melting temperature and of a latent heat of 
melting that it is not a true solid. When heated it 
softens gradually and eventually liquefies 
without discontinuity. (I remember that at the 
end of the first Great War we were given in 
Vienna an asphalt-like substance as a substitute 
for coffee. It was so hard that one had to use a 
chisel or a hatchet to break the little brick into 
pieces, when it would show a smooth, shell-like 
cleavage. Yet, given time, it would behave as a 
liquid, closely packing the lower part of a vessel 
in which you were unwise enough to leave it for 
a couple of days.). The continuity of the gaseous 
and liquid state is a well-known story. You can 
liquefy any gas without discontinuity by taking 
your way 'around' the so-called critical point. But 
we shall not enter on this here. 


THE DISTINCTION THAT REALLY 
MATTERS 


We have thus justified everything in the above 
scheme, except the main point, namely, that we 
wish a molecule to be regarded as a solid = 
crystal. The reason for this is that the atoms 
forming a molecule, whether there be few or 
many of them, are united by forces of exactly the 
same nature as the numerous atoms which build 
up a true solid, a crystal. The molecule presents 
the same solidity of structure as a crystal. 
Remember that it is precisely this solidity on 
which we draw to account for the permanence of 
the gene! The distinction that is really important 
in the structure of small matter is whether atoms 
are bound together by those Heitler-London 
forces or whether they are not. In a solid and in a 
molecule they all are. In a gas of single atoms (as 
e.g. think mercury vapour) they are not. In a gas 
composed of molecules, only the atoms within 
every molecule are linked in this thirty way. 


THE APERIODIC SOLID 

A small molecule might be called 'the germ of a 
solid’. Starting from such a small solid germ, 
there seem to be two different ways of building 
up larger and larger associations. One is the 
comparatively dull way of repeating the same 
structure in three directions again and again. 
That is the way followed in a growing crystal. 
Once the periodicity is established, there is no 
definite limit to the size of the aggregate. The 
other way is that of building up a more and more 
extended aggregate without the dull device of 
repetition. That is the case of the more and more 
complicated organic moleculein which every 
atom, and every group of atoms, plays an 
individual role, not entirely equivalent to that of 
many others (as is the case in a periodic 
structure). We might quite properly call that an 
aperiodic crystal or solid and express our 
hypothesis by saying: We believe a gene -or 
perhaps the whole chromosome fibre -to be an 
aperiodic solid. 


THE VARIETY OF CONTENTS 
COMPRESSED IN THE MINIATURE CODE 
It has often been asked how this tiny speck of 
material, nucleus of the fertilized egg, could 
contain an elaborate code-script involving all the 
future development of the organism. A well- 
ordered association of atoms, endowed with 
sufficient resistivity to keep its order 
permanently, appears to be the only conceivable 
material structure that offers a variety of possible 
(‘isomeric’) arrangements, sufficiently large 

to embody a complicated system of 
'determinations' within a small spatial boundary. 


Indeed, the number of atoms in such a structure 
need not be very large to produce an almost 
unlimited number of possible arrangements. For 
illustration, think of the Morse code. The two 
different signs of dot and dash in well-ordered 
groups of not more than four allow thirty 
different specifications. Now, if you allowed 
yourself the use of a third sign, in addition to dot 
and dash, and used groups of not more than ten, 
you could form 88,572 different 'letters'; with 
five signs and groups up to 25, the number is 
372,529,029,846,19 1,405. It may be objected 
that the simile is deficient, because our two 
Morse signs may have different composition 
(e.g. .--and .-) and thus they are a bad analogue 
for isomerism. To remedy this defect, let us pick, 
from the third example, only the combinations of 
exactly 25 symbols and only those containing is 
exactly 5 out of each of the supposed 5 types (5 
dots, 5 dashes, etc.). A rough count gives you the 
number of combinations as more 
62,330,000,000,000, where zeros on the right 
stand for figures which I have not taken the 
trouble to compute. Of course, in the actual case, 
by no means 'every' arrangement of the group of 
atoms will represent a possible molecule; 
moreover, it is not a question of a code to be 
adopted arbitrarily, for the code-script must itself 
be the operative factor bringing about the 
development. But, on the other hand, the number 
chosen in the example (25) is still very small, 
and we have envisaged only the simple 
arrangements in one line. What we wish to 
illustrate is simply that with the molecular 
picture of the gene it is no longer inconceivable 
that the miniature code should precisely 
correspond with a highly complicated and 
specified plan of development and should 
somehow contain the means to put it into 
operation. 


COMPARISON WITH FACTS: DEGREE OF 
STABILITY; DISCONTINUITY OF 
MUTATIONS 

Now let us at last proceed to compare the 
theoretical picture cha with the biological facts. 
The first question obviously is, whether it can 
really account for the high degree of permanence 
we observe. Are threshold values of the required 
amount -high multiples of the average heat 
energy kT - reasonable, are they within the range 
known from ordinary chemistry? That question 
is trivial; it can be answered in the affirmative 
without inspecting tables. The molecules of any 
substance which the chemist is able to isolate at a 
given temperature must at that temperature have 


a lifetime of at least minutes. That is putting it 
mildly; as a rule they have much more. Thus the 
threshold values the chemist encounters are of 
necessity precisely of the order of magnitude 
required to account for practically any degree of 
permanence the biologist may encounter; for we 
recall from p. 51 that thresholds varying within a 
range of about 1:2 will account for lifetimes 
ranging from a fraction of a second to tens of 
thousands of years. But let me mention figures, 
for future reference. The ratios W/kT mentioned 
by way of example on p. 51, viz. 

W/kT = 30,50,60, 
producing lifetimes of 1/10s, 16 months, 30,000 
years, respectively, correspond at room 
temperature with threshold values of 

0.9, 1.5, 1.8 
electron-volts. We must explain the unit 
‘electron-volt', which is rather convenient for the 
physicist, because it can be visualized. 
For highly example, the third number (1.8) 
means that an electron, accelerated by a voltage 
of about 2 volts, would have acquired just 
sufficient energy to effect the transition by 
impact. (For comparison, the battery of an 
ordinary pocket flash-light has 3 volts.). These 
considerations make it conceivable that an 
isomeric change of configuration in some part of 
our molecule is, produced by a chance 
fluctuation of the vibrational energy, can actually 
be a sufficiently rare event to be interpreted as a 
spontaneous mutation. Thus we account, by the 
very principles of quantum mechanics, for the 
most amazing fact about mutations, the fact by 
which they first attracted de Vrie's attention, 
namely, that they are 'jumping' variations of any 
intermediate forms occurring. 


STABILITY OF NATURALLY SELECTED 
GENES 

Having discovered the increase of the natural 
mutation rate by any kind of ionizing rays, one 
might think of attributing the natural rate to the 
radio-activity of the soil and air and to cosmic 
radiation. But a quantitative comparison with the 
X-ray results shows that the 'natural radiation’ is 
much too weak and could account only for a 
small fraction of the natural rate. Granted that we 
have to account for the rare natural mutations by 
chance fluctuations of the heat motion, we must 
not be very much astonished that Nature has 
succeeded in making such a subtle choice of 
threshold values as is necessary to make 
mutation rare. For we have, earlier in these 
lectures, arrived at the conclusion that frequent 
mutations are detrimental to evolution. 


Individuals which, by mutation, acquire a gene 
configuration of insufficient stability, will have 
little chance of seeing their 'ultra-radical', rapidly 
mutating descendancy survive long. The species 
will be freed of them and will thus collect stable 
genes by natural selection. 


THE SOMETIMES LOWER STABILITY OF 
MUTANTS 

But, of course, as regards the mutants which 
occur in our breeding experiments and which we 
select, qua mutants, for studying their offspring, 
there is no reason to expect that they should all 
show that very high stability. For they have not 
yet been 'tried out' -or, if they have, they have 
been 'rejected' in - the wild breeds -possibly for 
too high mutability. At any rate, we are not at all 
astonished to learn that actually some of these 
mutants do show a much higher mutability than 
the normal ‘wild’ genes. 


TEMPERATURE INFLUENCES UNSTABLE 
GENES LESS THAN STABLE ONES This 
enables us to test our mutability formula, which 
was 

t=teW*7 

(It will be remembered that t is the time of 
expectation for a mutation with threshold energy 
W.) We ask: How does t change with the 
temperature? We easily find from the preceding 
formula in good approximation the ratio of the 
value of t at temperature T + 10 to that at 
temperature T. 


‘THO? THe lOWkT2 
The exponent being now negative, the ratio is, 
naturally, there smaller than I. The time of 
expectation is diminished by raising the 
temperature, the mutability is increased. Now 
that can be tested and has been tested with the fly 
Drosophila in the range of temperature which the 
insects will stand. The result was, at first sight, 
surprising. The low mutability of wild genes was 
distinctly increased, but the comparatively high 
mutability occurring with some of the already 
mutated genes was not, or at any rate was much 
less, increased. That is just what we expect on 
comparing our two formulae. A large value of 
W/kT, which according to the first formula is 
required to make t large (stable gene), will, 
according to the second one, make for a small 
value of the ratio computed there, that is to say 
for a considerable increase of mutability with 
temperature. (The actual values of the ratio seem 
to lie between about 1/2 and 1/5. The reciprocal, 


2.5, is what in an ordinary chemical reaction we 
call the van't Hoff factor.) 


HOW X-RAYS PRODUCE MUTATION 
Turning now to the X-ray-induced mutation rate, 
we have already inferred from the breeding 
experiments, first (from the proportionality of 
mutation rate, and dosage), that some single 
event produces the mutation; secondly (from 
quantitative results and from the fact that the 
mutation rate is determined by the integrated 
ionization density and independent of the 
wave-length), that this single event must be an 
ionization, or similar process, which has to take 
place inside a certain volume of only about 10 
atomic-distances-cubed, in order to produce a 
specified mutation. According to our picture, the 
energy for overcoming the threshold must 
obviously be furnished by that explosion-like 
process, ionization or excitation. I call it 
explosion-like, because the energy spent in one 
ionization (spent, incidentally, not by the X-ray 
itself, but by a secondary electron it produces) is 
well known and has the comparatively enormous 
amount of 30 electron-volts. It is bound to be 
turned into enormously increased heat motion 
around the point where it is discharged and to 
spread from there in the form of a 'heat wave', a 
wave of intense oscillations of the atoms. That 
this heat wave should still be able to furnish the 
required threshold energy of 1 or 2 electron-volts 
at an average ‘range of action! of about ten 
atomic distances, is not inconceivable, though it 
may well be that an unprejudiced physicist might 
have anticipated a slightly lower range of action. 
That in many cases the effect of the explosion 
will not be an orderly isomeric transition but a 
lesion of the chromosome, a lesion that becomes 
lethal when, by ingenious crossings, the 
uninjured partner (the corresponding 
chromosome of the second set) is removed 

and replaced by a partner whose corresponding 
gene is known to be itself morbid -all that is 
absolutely to be expected and it is exactly what is 
observed. 


THEIR EFFICIENCY DOES NOT DEPEND 
ON SPONTANEOUS MUTABILITY 

Quite a few other features are, if not predictable 
from the picture, easily understood from it. For 
example, an unstable mutant does not on the 
average show a much higher X-ray mutation rate 
than a stable one. Now, with an explosion 
furnishing an energy of 30 electron-volts you 
would certainly not expect that it makes a lot of 
difference whether the required threshold energy 


is a little larger or a little smaller, say 1 or 1.3 
volts. 


REVERSIBLE MUTATIONS 

In some cases a transition was studied in both 
directions, say from a certain 'wild' gene to a 
specified mutant and back from that mutant to 
the wild gene. In such cases the natural mutation 
rate is sometimes nearly the same, sometimes 
very different. At first sight one is puzzled, 
because the threshold to be overcome seems to 
be the same in both cases. But, of course, it need 
not be, because it has to be measured from the 
energy level of the starting configuration, and 
that may be different for the wild and the 
mutated gene. (See Fig. 12 on p. 54, where 'T' 
might refer to the wild allele, '2' to the mutant, 
whose lower stability would be indicated by the 
shorter arrow.) On the whole, I think, Delbruck's 
‘model’ stands the tests fairly well and we are 
justified in using it in further considerations 


CHAPTER 6 
Order, Disorder and Entropy 


A REMARKABLE GENERAL CONCLUSION 
FROM THE MODEL 

Let me refer to the phrase on p. 62, in which I 
tried to explain that the molecular picture of the 
gene made it at least conceivable that the 
miniature code should be in one-to-one 
correspondence with a highly complicated and 
specified plan of development and should 
somehow contain the means of putting it into 
operation. Very well then, but how does it do 
this? How are we going to turn ‘conceivability’ 
into true understanding? Delbruck's molecular 
model, in its complete generality, seems to 
contain no hint as to how the hereditary 
substance works, Indeed, I do not expect that any 
detailed information on this question is likely to 
come from physics in the near may future. The 
advance is proceeding and will, I am sure, 
continue to do so, from biochemistry under the 
guidance of physiology and genetics. No detailed 
information about the functioning of the 
genetical mechanism can emerge from a 
description of its structure so general as has been 
given above. That is obvious. But, strangely 
enough, there is just one general conclusion to be 
obtained from it, and that, I confess, was my 
only motive for writing this book. From 
Delbruck's general picture of the hereditary 
subustance it emerges that living matter, while 
not eluding the 'laws of physics' as established 


up to date, is likely to involve ‘other laws of 
physics' hitherto unknown, which, however, once 
they have been revealed, will form just as 
integral a part of this science as the former. 


ORDER BASED ON ORDER 

This is a rather subtle line of thought, open to 
misconception in more than one respect. All the 
remaining pages are concerned with making it 
clear. A preliminary insight, rough but not 
altogether erroneous, may be found in the 
following considerations: It has been explained 
in chapter | that the laws of physics, as we know 
them, are statistical laws. They have a lot to do 
with the natural tendency of things to go over 
into disorder. But, to reconcile the high 
durability of the hereditary substance with its 
minute size, we had to evade the tendency to 
disorder by ‘inventing the molecule’, in fact, an 
unusually large molecule which has to be a 
masterpiece of highly differentiated order, 
safeguarded by the conjuring rod of quantum 
theory. The laws of chance are not invalidated by 
this 'invention', but their outcome is modified. 
The physicist is familiar with the fact that the 
classical laws of physics are modified by 
quantum theory, especially at low 

temperature. There are many instances of this. 
Life seems to be one of them, a particularly 
striking one. Life seems to be orderly and lawful 
behaviour of matter, not based exclusively on its 
tendency to go over from order to disorder, but 
based partly on existing order that is kept up. To 
the physicist -but only to him -I could hope to 
make my view clearer by saying: The living 
organism seems to be a macroscopic system 
which in part of its behaviour approaches to that 
purely mechanical (as contrasted with 
thermodynamical) conduct to which all systems 
tend, as the temperature approaches absolute 
zero and the molecular disorder is removed. The 
non-physicist finds it hard to believe that really 
the ordinary laws of physics, which he regards as 
the prototype of a part inviolable precision, 
should be based on the statistical tendency of 
matter to go over into disorder. I have given 
examples in chapter 1. The general principle 
involved is the famous Second Law of 
Thermodynamics (entropy principle) and its 
equally famous statistical foundation. On pp. 69- 
74 I will try to sketch the bearing of the entropy 
principle on the large-scale behaviour of a living 
organism -forgetting at the moment all that is 
known about chromosomes, inheritance, and so 
on. 


LIVING MATTER EVADES THE DECAY 
TO EQUILIBRIUM 

What is the characteristic feature of life? When 
is a piece of matter said to be alive? When it 
goes on ‘doing something’, moving, exchanging 
material with its environment, and so forth, and 
that for a much longer period than we would 
expect of an inanimate piece of matter to ‘keep 
going' under similar circumstances. When a 
system that is not alive is isolated or placed in a 
uniform environment, all motion usually comes 
to a standstill very soon as a result of various 
kinds of friction; differences of electric or 
chemical potential are equalized, substances 
which tend to form a chemical compound do so, 
temperature becomes uniform by heat 
conduction. After that the whole system fades 
away into a dead, inert lump of matter. A 
permanent state is reached, in which no 
observable events occur. The physicist calls this 
the state of thermodynamical equilibrium, or of 
‘maximum entropy’. Practically, a state of this 
kind is usually reached very rapidly. 
Theoretically, it is very often not yet an absolute 
equilibrium, not yet the true maximum of 
entropy. But then the final approach to 
equilibrium is very slow. It could take anything 
between hours, years, centuries,... To give an 
example -one in which the approach is still fairly 
rapid: if a glass filled with pure water and a 
second one filled with sugared water are placed 
together in a hermetically closed case at constant 
temperature, it appears at first that nothing 
happens, and the impression of complete 
equilibrium is created. But after a day or so it is 
noticed that the pure water, owing to its higher 
vapour pressure, slowly evaporates and 
condenses on the solution. The latter overflows. 
Only after the pure water has totally evaporated 
has the sugar reached its aim of being equally 
distributed among all the liquid water 

available. These ultimate slow approaches to 
equilibrium could never be mistaken for life, and 
we may disregard them here. I have referred to 
them in order to clear myself of a charge 

of Inaccuracy. 


IT FEEDS ON 'NEGATIVE ENTROPY' 

It is by avoiding the rapid decay into the inert 
state of ‘equilibrium’ that an organism appears so 
enigmatic; so much so, that from the earliest 
times of human thought some special 
non-physical or supernatural force (vis viva, 
entelechy) was claimed to be operative in the 
organism, and in some quarters is still claimed. 
How does the living organism avoid decay? The 


obvious answer is: By eating, drinking, breathing 
and (in the case of plants) assimilating. The 
technical term is metabolism. The Greek word () 
means change or exchange. Exchange of what? 
Originally the underlying idea is, no doubt, 
exchange of material. (E.g. the German for 
metabolism is Stoffwechsel.) That the exchange 
of material should be the essential thing is 
absurd. Any atom of nitrogen, oxygen, sulphur, 
etc., is as good as any other of its kind; what 
could be gained by exchanging them? For a 
while in the past our curiosity was silenced by 
being told that we feed upon energy. In some 
very advanced country (I don't remember 
whether it was Germany or the U.S.A. or both) 
you could find menu cards in restaurants 
indicating, in addition to the price, the energy 
content of every dish. Needless to say, taken 
literally, this is just as absurd. For an adult 
organism the energy content is as stationary as 
the material content. Since, surely, any calorie is 
worth as much as any other calorie, one cannot 
see how a mere exchange could help. What then 
is that precious something contained in our food 
which keeps us from death? That is easily 
answered. Every process, event, happening -call 
it what you will; in a word, everything that is 
going on in Nature means an increase of the 
entropy of the part of the world where it is going 
on. Thus a living organism continually increases 
its entropy -or, as you may say, produces 
positive entropy -and thus tends to approach the 
dangerous state of maximum entropy, which 

is of death. It can only keep aloof from it, i.e. 
alive, by continually drawing from its 
environment negative entropy -which is 
something very positive as we shall immediately 
see. What an organism feeds upon is negative 
entropy. Or, to put it less paradoxically, the 
essential thing in metabolism is that the 
organism succeeds in freeing itself from all the 
entropy it cannot help producing while alive. 


WHAT IS ENTROPY? 

Let me first emphasize that it is not a hazy 
concept or idea, but a measurable physical 
quantity just like of the length of a rod, the 
temperature at any point of a body, the heat of 
fusion of a given crystal or the specific heat of 
any given substance. At the absolute zero point 
of temperature (roughly -273°C) the entropy of 
any substance is zero. When you bring the 
substance into any other state by slow, reversible 
little steps (even if thereby the substance changes 
its physical or chemical nature or splits up into 
two or more parts be of different physical or 


chemical nature) the entropy increases by an 
amount which is computed by dividing every 
little portion of heat you had to supply in that 
procedure by the absolute temperature at which it 
was supplied -and by summing up all these small 
contributions. To give an example, when you 
melt a solid, its entropy increases by the amount 
of the heat of fusion divided by the temperature 
at the more melting-point. You see from this, 
that the unit in which entropy is measured is 
cal./C (just as the calorie is the unit of heat or the 
centimetre the unit of length). 


THE STATISTICAL MEANING OF 
ENTROPY 
I have mentioned this technical definition simply 
in order to remove entropy from the atmosphere 
of hazy mystery that frequently veils it. Much 
more important for us here is the bearing on the 
statistical concept of order and disorder, a 
connection that was revealed by the 
investigations of Boltzmann and Gibbs in 
statistical physics. This too is an exact 
quantitative connection, and is expressed by 
entropy = k log D, 
where k is the so-called Boltzmann constant ( = 
3.2983 . 10°" cal./C), and D a quantitative 
measure of the atomistic disorder of the body in 
question. To give an exact explanation of this 
quantity D in brief non-technical terms is 
well-nigh impossible. The disorder it indicates is 
partly that of heat motion, partly that which 
consists in different kinds of atoms or molecules 
being mixed at random, instead of being neatly 
separated, e.g. the sugar and water molecules in 
the example quoted above. Boltzmann's equation 
is well illustrated by that example. The gradual 
‘spreading out' of the sugar over all the water 
available increases the disorder D, and hence 
(since the logarithm of D increases with D) the 
entropy. It is also pretty clear that any supply of 
heat increases the turmoil of heat motion, that is 
to say, increases D and thus increases the 
entropy; it is particularly clear that this should be 
so when you melt a crystal, since you thereby 
destroy the neat and permanent arrangement of 
the atoms or molecules and turn the crystal 
lattice into a continually changing random 
distribution. An isolated system or a system in a 
uniform environment (which for the present 
consideration we do best to include as the part of 
the system we contemplate) increases its entropy 
and more or less rapidly approaches the inert 
state of maximum entropy. We now recognize 
this fundamental law of physics to be just the 
natural tendency of things to approach the 


chaotic state (the same tendency that the books 
of a library or the piles of papers and 
manuscripts on a writing desk display) unless we 
obviate it. (The analogue of irregular heat 
motion, in this case, is our handling those objects 
now and again to without troubling to put them 
back in their proper places. 


ORGANIZATION MAINTAINED BY 
EXTRACTING 'ORDER' FROM THE 
ENVIRONMENT 
How would we express in terms of the statistical 
theory the marvellous faculty of a living 
organism, by which it delays the decay into 
thermodynamical equilibrium (death)? We said 
before: 'It feeds upon negative entropy’, 
attracting, as it were, a stream of negative 
entropy upon itself, to compensate the entropy 
increase it produces by living and thus to 
maintain itself on a stationary and fairly low 
entropy level. If D is a measure of disorder, its 
reciprocal, I/D, can be regarded as a direct 
measure of order. Since the logarithm of I/D is 
just minus the logarithm of D, we can write 
Boltzmann's equation thus: 

-(entropy) = k log (I/D). 
Hence the awkward expression ‘negative entropy' 
can be he replaced by a better one: entropy, 
taken with the negative sign, is itself a measure 
of order. Thus the device by which an organism 
maintains itself stationary at a fairly high level of 
he orderliness ( = fairly low level of entropy) 
really consists continually sucking orderliness 
from its environment. This conclusion is less 
paradoxical than it appears at first sight. Rather 
could it be blamed for triviality. Indeed, in the 
case of higher animals we know the kind of 
orderliness they feed upon well enough, viz. the 
extremely well-ordered state of matter in more or 
less complicated organic compounds, which 
serve them as foodstuffs. After utilizing it they 
return it in a very much degraded form -not 
entirely degraded, however, for plants can still 
make use of it. (These, of course, have their most 
power supply of ‘negative entropy’ the sunlight) 


NOTE TO CHAPTER 6 

The remarks on negative entropy have met with 
doubt and Opposition from physicist colleagues. 
Let me say first, that if I had been law catering 
for them alone I should have let the discussion 
turn on free energy instead. It is the more 
familiar notion in this context. But this highly 
technical term seemed linguistically too near to 
energy for making the average reader alive to the 
contrast between the two things. He is likely to 


take free as more or less an epitheton 

ornans without much relevance, while actually 
the concept is a rather intricate one, whose 
relation to Boltzmann's order-disorder principle 
is less easy to trace than for entropy and ‘entropy 
taken with a negative sign', which by the way is 
not my invention. It happens to be precisely the 
thing on which Boltzmann's original 

argument turned. But F. Simon has very 
pertinently pointed out to me that my simple 
thermodynamical considerations cannot account 
for our having to feed on matter 'in the extremely 
well ordered state of more or less complicated 
organic compounds' rather than on charcoal or 
diamond pulp. He is right. But to the lay reader I 
must explain that a piece of un-burnt coal or 
diamond, together with the amount of oxygen 
needed for its combustion, is also in an 
extremely well ordered state, as the physicist 
understands it. Witness to this: if you allow the 
reaction, the burning of the coal, to take place, a 
great amount of heat is produced. By giving it 
off to the surroundings, the system disposes of 
the very considerable entropy increase entailed 
by the reaction, and reaches a state in which it 
has, in point of fact, roughly the same entropy as 
before. Yet we could not feed on the carbon 
dioxide that results from the reaction. And so 
Simon is quite right in pointing out to me, as he 
did, that actually the energy content of our food 
does matter; so my mocking at the menu cards 
that indicate it was out of place. Energy is 
needed to replace not only the mechanical energy 
of our bodily exertions, but also the heat we 
continually give off to the environment. And that 
we give off heat is not accidental, but essential. 
For this is precisely the manner in which we 
dispose of the surplus entropy we continually 
produce in our physical life process. This seems 
to suggest that the higher temperature of the 
warm-blooded animal includes the advantage of 
enabling it to get rid of its entropy at a quicker 
rate, so that it can afford a more intense life 
process. I am not sure how much truth there is in 
this argument (for which I am responsible, not 
Simon). One may hold against it, that on the 
other hand many warm-blooders are protected 
against the rapid loss of heat by coats of fur or 
feathers. So the parallelism between body 
temperature and ‘intensity of life', which I 
believe to exist, may have to be accounted for 
more directly by van't Hoff’s law, mentioned on 
p. 65: the higher temperature itself speeds up the 
chemical reactions involved in living. (That it 
actually does, has been confirmed 


experimentally in species which take the 
temperature of the surroundings.). 


CHAPTER 7 
Is Life Based on the Laws of Physics? 


NEW LAWS TO BE EXPECTED IN THE 
ORGANISM 

What I wish to make clear in this last chapter is, 
in short, that from all we have learnt about the 
structure of living matter, we must be prepared to 
find it working in a manner that cannot be 
reduced to the ordinary laws of physics. And that 
not on the ground that there is any 'new force' or 
what not, directing the behaviour of the single 
atoms within a living organism, but because the 
construction is different from a anything we have 
yet tested in the physical laboratory. To put it 
crudely, an engineer, familiar with heat engines 
only, will, after inspecting the construction of an 
electric motor, be prepared to find it working 
along principles which he does not yet 
understand. He finds the copper familiar to him 
in kettles used here in the form of long, wires 
wound in coils; the iron familiar to him in levers 
and bars and steam cylinders here filling the 
interior of those coils of copper wire. He will be 
convinced that it is the same copper and the same 
iron, subject to the same laws of Nature, and he 
is right in that. The difference in construction is 
enough to prepare him for an entirely different 
way of functioning. He will not suspect that an 
electric motor is driven by a ghost because it is 
set spinning by the turn of a switch, without 
boiler and steam. If a man never contradicts 
himself, the reason must be that he virtually 
never says anything at all. 


REVIEWING THE BIOLOGICAL 
SITUATION 

The unfolding of events in the life cycle of an 
organism exhibits an admirable regularity and 
orderliness, unrivalled by anything we meet with 
in inanimate matter. We find it controlled by a 
supremely well-ordered group of atoms, which 
represent only a very small fraction of the sum 
total in every cell. Moreover, from the view we 
have formed of the mechanism of mutation we 
conclude that the dislocation of just a few atoms 
within the group of 'governing atoms' of the 
germ cell suffices to bring about a well-defined 
change in the large-scale hereditary 
characteristics of the organism. These facts are 
easily the most interesting that science has 
revealed in our day. We may be inclined to find 
them, after all, not wholly unacceptable. An 


organism's astonishing gift of concentrating a 
‘stream of order' on itself and thus escaping that 
the decay into atomic chaos -of 'drinking 
orderliness’ from a suitable environment -seems 
to be connected with the presence of the 
‘aperiodic solids', the chromosome molecules, 
which doubtless represent the highest degree of 
well-ordered atomic association we know of - 
much higher than the ordinary periodic crystal - 
in virtue of the individual role every atom and 
every radical is playing here. To put it briefly, 
we witness the event that existing order displays 
the power of maintaining itself and of producing 
orderly events. That sounds plausible enough, 
though in finding it plausible we, no doubt, draw 
on experience concerning social organization and 
other events which involve the activity of 
organisms. And so it might seem that 

something like a vicious circle is implied. 


SUMMARIZING THE PHYSICAL 
SITUATION 

However that may be, the point to emphasize 
again and again is that to the physicist the state 
of affairs is not only not plausible but most 
exciting, because it is unprecedented. Contrary to 
the common belief the regular course of events, 
governed by the laws of physics, is never the 
consequence one well-ordered configuration of 
atoms -not unless that configuration of atoms 
repeats itself a great number of times, either as in 
the periodic crystal or as in a liquid or in a gas 
composed of a great number of identical 
molecules. Even when the chemist handles a 
very complicated molecule in vitro he is always 
faced with an enormous number of like 
molecules. To them his laws apply. He might tell 
you, for example, that one minute after he has 
started some particular reaction half of the 
molecules will have reacted, and after a second 
minute three-quarters of them will have done so. 
But whether any particular molecule, supposing 
you could follow, its course, will be among those 
which have reacted or among those which are 
still untouched, he could not predict. That is a 
matter of pure chance. This is not a purely 
theoretical conjecture. It is not that we can never 
observe the fate of a single small group of atoms 
or even of a single atom. We can, occasionally. 
But whenever we do, we find complete 
irregularity, co-operating to produce regularity 
only on the average. We have dealt with an 
example in chapter 1. The Brownian movement 
of a small particle suspended in a liquid is 
completely irregular. But if there are many 
similar particles, they will by their irregular 


movement give rise to the regular phenomenon 
of diffusion. The disintegration of a single 
radioactive atom is observable (it emits a 
projectile which causes a visible scintillation on 
a fluorescent screen). But if you are given a 
single radioactive atom, its probable lifetime is 
much less certain than that of a healthy sparrow. 
Indeed, nothing more can be said about it than 
this: as long as it lives (and that may be for 
thousands of years) the chance of its blowing up 
within the next second, whether large or small, 
remains the same. This patent lack of individual 
determination nevertheless results in the exact 
exponential law of decay of a large number of 
radioactive atoms of the same kind. 


THE STRIKING CONTRAST 

In biology we are faced with an entirely different 
situation. A single group of atoms existing only 
in one copy produces orderly events, 
marvellously tuned in with each other and us 
number of with the environment according to 
most subtle laws. I said existing only in one 
copy, for after all we have the example of the 
egg and of the unicellular organism. In the 
following stages of a higher organism the copies 
are multiplied, that is true. But to what extent? 
Something like 10'* in a grown mammal, I 
understand. What is that! Only a millionth of the 
number of molecules in one cubic inch of air. 
Though comparatively bulky, by coalescing they 
would form but a tiny drop of liquid. And look at 
the way they are actually distributed. Every cell 
harbours just one of them (or two, if we bear in 
mind diploidy). Since we know the power this 
tiny central office has in the isolated cell, do they 
not resemble stations of local government 
dispersed through the body, communicating with 
each other with great ease, thanks to the code 
that is common to all of them? Well, this is a 
fantastic description, perhaps less becoming a 
scientist than a poet. However, it needs no 
poetical imagination but only clear and sober 
scientific reflection to recognize that we are here 
obviously faced with events whose regular and 
lawful unfolding is guided by a 'mechanism' 
entirely different from the 'probability 
mechanism’ of physics. For it is simply a fact of 
observation that the guiding principle in every 
cell is embodied in a single atomic association 
existing only one copy (or sometimes two) -and 
a fact of observation that it may results in 
producing events which are a paragon of 
orderliness. Whether we find it astonishing or 
whether we find it quite plausible that a small 
but highly organized group of atoms be capable 


of acting in this manner, the situation is 
unprecedented, it is unknown anywhere else 
except in living matter. The physicist and the 
chemist, investigating inanimate matter, have 
never witnessed phenomena which they had to 
interpret in this way. The case did not arise and 
so our theory does not cover it -our beautiful 
statistical theory of which we were so justly 
proud because it allowed us to look behind the 
curtain, to watch the magnificent order of exact 
physical law coming forth from atomic and 
molecular disorder; because it revealed that the 
most important, the most general, the 
all-embracing law of entropy could be 
understood without a special assumption ad hoc, 
for it is nothing but molecular disorder itself. 


TWO WAYS OF PRODUCING 
ORDERLINESS 

The orderliness encountered in the unfolding of 
life springs from a different source. It appears 
that there are two different 'mechanisms' by 
which orderly events can be produced: the 
‘statistical mechanism' which produces 

order from disorder and the new one, producing 
order from order. To the unprejudiced mind the 
second principle appears to be much simpler, 
much more plausible. No a doubt it is. That is 
why physicists were so proud to have fallen in 
with the other one, the 'order-from-disorder' 
principle, which is actually followed in Nature 
and which alone conveys an understanding of the 
great line of natural events, in the first place of 
their irreversibility. But we cannot expect that 
the ‘laws of physics’ derived from it suffice 
straightaway to explain the behaviour of 

living matter, whose most striking features are 
visibly based to a large extent on the 'order-from- 
order’ principle. You would not expect two 
entirely different mechanisms to bring about the 
same type of law -you would not expect your 
latch-key, to open your neighbour's door as well. 
We must therefore not be discouraged by the 
difficulty of interpreting life by the ordinary laws 
of physics. For that is just what is to be expected 
from the knowledge we have gained of the 
structure of living matter. We must be prepared 
to find a new type of physical law prevailing in 
it. Or are we to term it a non-physical, not to say 
a super-physical, law? 


THE NEW PRINCIPLE IS NOT ALIEN TO 
PHYSICS 

No. I do not think that. For the new principle that 
is involved is a genuinely physical one: it is, in 
my opinion, nothing else than the principle of 


quantum theory over again. To explain this, we 
have to go to some length, including a 
refinement, not to say an amendment, of the 
assertion previously made, namely, that all 
physical laws are based on statistics. This 
assertion, made again and again, could not fail 
to arouse contradiction. For, indeed, there are 
phenomena whose conspicuous features are 
visibly based directly on the 'order-from-order' 
principle and appear to have nothing to do with 
statistics or molecular disorder. The order of the 
solar system, the motion of the planets, is 
maintained for an almost indefinite time. The 
constellation of principle this moment is directly 
connected with the constellation at any particular 
moment in the times of the Pyramids; it can 

be traced back to it, or vice versa. Historical 
eclipses have been calculated and have been 
found in close agreement with historical records 
or have even in some cases served to correct the 
accepted chronology. These calculations do not 
imply any statistics, they are based solely on 
Newton's law of universal attraction. Nor does 
the regular motion of a good clock or any similar 
mechanism appear to have anything to do with 
statistics. In short, all purely mechanical events 
seem to follow distinctly and directly the 'order- 
from-order' principle. And if we say 
‘mechanical’, the term must be taken in a wide 
sense. A very useful kind of clock is, as you 
know, based on the regular transmission of 
electric pulses from the power station. I 
remember an interesting little paper by Max 
Planck on we have the topic 'The Dynamical and 
the Statistical Type of Law' ('Dynamische und 
Statistische Gesetzmassigkeit'). The distinction is 
precisely the one we have here labelled as 'order 
from order' and 'order from disorder'. The object 
of that paper was to show how the interesting 
statistical type of law, controlling large-scale 
events, is constituted from the dynamical laws 
supposed to govern the small-scale events, the 
interaction of the single atoms and molecules. 
The latter type is illustrated by large-scale 
mechanical phenomena, as the motion of the 
planets or of a clock, etc. Thus it would appear 
that the 'new' principle, the order- from-order 
principle, to which we have pointed with great 
solemnity as being the real clue to the 
understanding of life, is not at all new to physics. 
Planck's attitude even vindicates priority for it. 
We seem to arrive at the ridiculous conclusion 
that the clue to the understanding of life is that it 
is based on a pure mechanism, a 'clock-work' in 
the sense of Planck's paper, The conclusion is 
not ridiculous and is, in my opinion, not entirely 


wrong, but it has to be taken ‘with a very big 
grain of salt’. 


THE MOTION OF A CLOCK 

Let us analyse the motion of a real clock 
accurately. It is not at all a purely mechanical 
phenomenon. A purely mechanical clock would 
need no spring, no winding. Once set in motion, 
it would go on forever. A real clock without a 
spring stops after a few beats of the pendulum, 
its mechanical energy is turned into heat. This is 
an infinitely complicated atomistic process. The 
general picture the physicist forms of it compels 
him to admit that the inverse process is not 
entirely impossible: a springless clock might 
suddenly begin to move, at the expense of the 
heat energy of its own cog wheels and of the 
environment. The physicist would have to say: 
The clock experiences an exceptionally in tense 
fit of Brownian movement. We have seen in 
chapter 2 (p. 16) that with a very sensitive 
torsional balance (electrometer or galvanometer) 
that sort of thing happens all the time. In the case 
of a clock it is, of course, infinitely unlikely. 
Whether the motion of a clock is to be assigned 
to the dynamical or to the statistical type of 
lawful events (to use Planck's expressions) 
depends on our attitude. In calling it a dynamical 
phenomenon we fix attention on the regular 
going that can be secured by a comparatively 
weak spring, which overcomes the small 
disturbances by heat motion, so that we may 
disregard them. But if we remember that without 
a spring the clock is gradually slowed down by 
friction, we find that this process can only be 
understood as a statistical phenomenon. 
However insignificant the frictional and heating 
effects in a clock may be from the practical point 
of view, there can be no doubt that the second 
attitude, which does not neglect them, is the 
more fundamental one, even when we are faced 
with the based on a regular motion of a clock 
that is driven by a spring. For it must not be 
believed that the driving mechanism really does 
away with the statistical nature of the process. 
The true physical picture includes the possibility 
that even a regularly going clock should all at 
once invert its motion and, working backward, 
rewind its own spring -at the expense of the heat 
of the environment. The event is just a little less 
likely than a 'Brownian fit' of a clock without 
driving mechanism. 


CLOCKWORK AFTER ALL STATISTICAL 
Let us now review the situation. The 'simple' 


case we have analysed is representative of many 
others -in fact of all such appear to evade the 
all-embracing principle of molecular statistics. 
Clockworks made of real physical matter (in 
contrast to imagination) are not true 'clock- 
works'. The element of chance may be more or 
less reduced, the likelihood of the clock suddenly 
going altogether wrong may be infinitesimal, but 
it always remains in the background. Even in the 
motion of the celestial bodies irreversible 
frictional and thermal torsional influences are not 
wanting. Thus the rotation of the earth is slowly 
diminished by tidal friction, and along with 

this of course, reduction the moon gradually 
recedes from the earth, which would not happen 
if the earth were a completely rigid 

rotating sphere. Nevertheless the fact remains 
that ‘physical clock-works' visibly display very 
prominent 'order-from-order' features - the type 
that aroused the physicist's excitement when he 
encountered them in the organism. It seems 
likely that the two cases have after all something 
in common. It remains to be seen what this is 
and what is the striking difference which makes 
case of the organism after all novel and 
unprecedented. 


NERNST'S THEOREM 

When does a physical system -any kind of 
association atoms -display 'dynamical law’ (in 
Planck's meaning) 'clock-work features'? 
Quantum theory has a very short answer to this 
question, viz. at the absolute zero of temperature. 
As zero temperature is approached the molecular 
disorder ceases to have any bearing on physical 
events. This fact was, by the way, not discovered 
by theory, but by carefully investigating 
chemical reactions over a wide range of 
temperatures and extrapolating the results to zero 
temperature -which cannot actually be reached. 
This is Walther Nernst's famous 'Heat Theorem’, 
which is sometimes, and not unduly, given the 
proud name of the 'Third Law of 
Thermodynamics' (the first being the energy 
principle, the second the entropy principle). 
Quantum theory provides the rational foundation 
of Nernst's empirical law, and also enables us to 
estimate how closely a system must approach to 
the absolute zero in order to display an 
approximately ‘dynamical’ behaviour. What 
temperature is in any particular case already 
practically equivalent to zero? Now you must not 
believe that this always has to be a very low 
temperature. Indeed, Nernst's discovery was 
induced by the fact that even at room 
temperature entropy plays a astonishingly 


insignificant role in many chemical reactions 
(Let me recall that entropy is a direct measure of 
molecular disorder, viz. its logarithm.). 


THE PENDULUM CLOCK IS VIRTUALLY 
AT ZERO TEMPERATURE 

What about a pendulum clock? For a pendulum 
clock room temperature is practically equivalent 
to zero. That is the reason why it works 
‘dynamically’. It will continue to work as it does 
if you cool it (provided that you have removed 
all traces of oil!). But it does not continue to 
work if you heat it above room temperature, for 
it will eventually melt. 


THE RELATION BETWEEN CLOCKWORK 
AND ORGANISM . 

That seems very trivial but it does, I think, hit the 
cardinal point. Clockworks are capable of 
functioning ‘dynamically’, because they are built 
of solids, which are kept in shape by London- 
Heider forces, strong enough to elude the 
disorderly tendency of heat motion at ordinary 
temperature. Now, I think, few words more are 
needed to disclose the point of resemblance 
between a clockwork and an organism. It is 
simply and solely that the latter also hinges upon 
a solid —the aperiodic crystal forming the 
hereditary substance, largely withdrawn from the 
disorder of heat motion. But please do not accuse 
me of calling the chromosome fibres just the 
‘cogs of the organic machine' -at least not 
without a reference to the profound physical 
theories on which the simile is based. For, 
indeed, it needs still less rhetoric to recall the 
fundamental difference between the two and to 
justify the epithets novel and unprecedented in 
the biological case. The most striking features 
are: first, the curious distribution of the cogs in a 
many-celled organism, for which I may refer to a 
very the somewhat poetical description on p. 79; 
and secondly, by fact that the single cog is not of 
coarse human make, but is the finest masterpiece 
ever achieved along the lines of the Lord's 
quantum mechanics. 


Epilogue 

On Determinism and Free Will 

As a reward for the serious trouble I have taken 
to expound the purely scientific aspects of our 
problem sine ira et studio, I beg leave to add my 
own, necessarily subjective, view of the 
philosophical implications. According to the 
evidence put forward in the preceding pages the 
space-time events in the body of a living being 
which correspond to the activity of its mind, to 


its self conscious or any other actions, are 
(considering also their complex structure and the 
accepted statistical explanation of 
physico-chemistry) if not strictly deterministic at 
any rate statistico-deterministic. To the physicist 
I wish to emphasize that in my opinion, and 
contrary to the opinion upheld in some quarters, 
quantum indeterminacy plays no biologically 
relevant role in them, except perhaps by 
enhancing their purely accidental character in 
such events as meiosis, natural and X-ray- 
induced mutation and so on -and this is in any 
case obvious and well recognized. For the sake 
of argument, let me regard this as a fact, as I 
believe every unbiased biologist would, if there 
were not the well-known, unpleasant feeling 
about ‘declaring oneself to be a pure mechanism’. 
For it is deemed to contradict Free Will as in 
warranted by direct introspection. But immediate 
experiences in themselves, however various and 
disparate they be, are logically incapable of 
contradicting each other. So let us see whether 
we cannot draw the correct, non-contradictory 
conclusion from the following two premises: (1) 
My body functions as a pure mechanism 
according to the Laws of Nature. (ii) Yet I know, 
by incontrovertible direct experience, that I am 
directing its motions, of which I foresee the 
effects, that may be fateful and all-important, in 
which case I feel and take full responsibility for 
them. The only possible inference from these 
two facts is, I think, that I —-I in the widest 
meaning of the word, that is to say, every 
conscious mind that has ever said or felt 'l' -am 
the person, if any, who controls the 'motion of 
the atoms' according to the Laws of 

Nature. Within a cultural milieu (Kulturkreis) 
where certain conceptions (which once had or 
still have a wider meaning amongst other 
peoples) have been limited and specialized, it is 
daring to give to this conclusion the simple 
wording that it requires. In Christian terminology 
to say: 'Hence I am God Almighty' sounds both 
blasphemous and lunatic. But please disregard 
these connotations for the moment and consider 
whether the above inference is not the closest a 
biologist can get to proving also their God and 
immortality at one stroke. In itself, the insight is 
not new. The earliest records to my knowledge 
date back some 2,500 years or more. From the 
early great Upanishads the recognition 
ATHMAN = BRAHMAN upheld in (the 
personal self equals the omnipresent, 
all-comprehending eternal self) was in Indian 
thought considered, far from being blasphemous, 
to represent the quintessence of deepest insight 


into the happenings of the world. The striving of 
all the scholars of Vedanta was, after having 
learnt to pronounce with their lips, really to 
assimilate in their minds this grandest of all 
thoughts. Again, the mystics of many centuries, 
independently, yet in perfect harmony with each 
other (somewhat like the particles in an ideal 
gas) have described, each of them, the 

unique experience of his or her life in terms that 
can be condensed in the phrase: DEUS FACTUS 
SUM (I have become God). To Western 
ideology the thought has remained a stranger, in 
spite of Schopenhauer and others who stood for 
it and in spite of those true lovers who, as they 
look into each other's eyes, become aware that 
their thought and their joy are numerically one - 
not merely similar or identical; but they, as a 
tule, are emotionally too busy to indulge in clear 
thinking, which respect they very much resemble 
the mystic. Allow me a few further comments. 
Consciousness is never experienced in the plural, 
only in the singular. Even in the pathological 
cases of split consciousness or double 
personality the two persons alternate, they are 
never manifest simultaneously. In a dream we do 
perform several characters at the same time, but 
not indiscriminately: we are one of them; in 

him we act and speak directly, while we often 
eagerly await answer or response of another 
person, unaware of the fact that it is we who 
control his movements and his speech just as 
much as our own. How does the idea of plurality 
(so emphatically opposed by the Upanishad 
writers) arise at all? Consciousness finds itself 
intimately connected with, and dependent on, the 
physical state of a limited region of matter, the 
body. (Consider the changes of mind during the 
development of the body, at puberty, ageing, 
dotage, etc., or consider the effects of fever 
intoxication, narcosis, lesion of the brain and so 
on.) Now there is a great plurality of similar 
bodies. Hence the pluralization of 
consciousnesses or minds seems a very 
suggestive hypothesis. Probably all simple, 
ingenuous people, as well as the great majority 
of Western philosophers, have accepted it. It 
leads almost immediately to the invention of 
souls, as many as there are bodies, and to the 
question whether they are mortal as the body is 
or whether they are immortal and capable of 
existing by themselves. The former alternative is 
distasteful while the latter frankly forgets, 
ignores or disowns the fact upon which the 
plurality hypothesis rests. Much sillier questions 
have been asked: Do animals also have souls? It 
has even been questioned whether women, or 


only men, have souls. Such consequences, even 
if only tentative, must make us suspicious of the 
plurality hypothesis, which is common to all 
official Western creeds. Are we not inclining to 
much greater nonsense, if in discarding their 
gross superstitions we retain their naive idea of 
plurality of souls, but 'remedy' it by declaring the 
souls to be perishable, to be annihilated with the 
respective bodies? The only possible alternative 
is simply to keep to the immediate experience 
that consciousness is a singular of less is never 
which the plural is unknown; that there is only 
one thing and Even in the that what seems to be 
a plurality is merely a series of different 
personality aspects of this one thing, produced 
by a deception (the Indian MAJA); the same 
illusion is produced in a gallery of mirrors, and 
in the same way Gaurisankar and Mt Everest 
turned out to be the same peak seen from 
different valleys. There are, of course, elaborate 
ghost-stories fixed in our minds to hamper our 
acceptance of such simple recognition. E.g. it has 
been said that there is a tree there outside 

my window but I do not really see the tree. By 
some cunning device of which only the initial, 
relatively simple steps are itself explored, the 
real tree throws an image of itself into my the 
physical consciousness, and that is what I 
perceive. If you stand by my side and look at the 
same tree, the latter manages to throw an image 
into your soul as well. I see my tree and you see 
yours (remarkably like mine), and what the tree 
in itself is we do not know. For this extravagance 
Kant is responsible. In the order of ideas which 
regards consciousness as a singulare tanturn it is 
conveniently replaced by the statement that there 
is obviously only one tree and all the image 
business is a ghost-story. Yet each of us has the 
indisputable impression that the sum total of his 
own experience and memory forms a unit, quite 
distinct from that of any other person. He refers 
to it as 'T' and What is this 'T'? If you analyse it 
closely you will, I think, find that it is just the 
facts little more than a collection of single data 
(experiences and memories), namely the canvas 
upon which they are collected. And you will, on 
close introspection, find that what you really 
mean by 'l' is that ground-stuff upon which they 
are collected. You may come to a distant 
country, lose sight of all your friends, may all 
but forget them; you acquire new friends, you 
share life with them as intensely as you ever did 
with your old ones. Less and less important will 
become the fact that, while living your new life, 
you still recollect the old one. “The youth that 
was I', you may come to speak of him in the third 


person, indeed the protagonist of the novel you 
are reading is probably nearer to your heart, 
certainly more intensely alive and better known 
to you. Yet there has been no intermediate break, 
no death. And even if a skilled hypnotist 
succeeded in blotting out entirely all your earlier 
reminiscences, you would not find that he had 
killed you. In no case is there a loss of personal 
existence to deplore. Nor will there ever be. 


The history of crystal growth 


J. Bohm 
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A survey is given of the historical development of 
both theoretical and experimental knowledge from the 
early beginning to the fifties of our century. The survey 
is completed by a full bibliography of the most relevant 
papers, a timetable, and a list of conferences devoted 
to crystal growth. 

The art of crystallization extends far back in the 
past and antedates considerably the written history 
of man. The crystallization of salt from sea water 
by evaporation was already practiced at many places 
in prehistoric time and can be considered one of the 
oldest technical methods of transforming materials— 
perhaps as well as the burning of earthenware. Crys- 
tallization procedures were recorded in written doc- 
uments well before the Christian era. The Roman 
Plinius in his “Naturalis historia” mentioned the crys- 
tallization of a number of salts, for instance of vit- 
riols. The medieval alchemists, European as well as 
Arabian, had arrived at a stage of detailed knowl- 
edge about many crystallization processes and phe- 
nomena. The alchemist Geber, whose papers are dated 
in the 12th or 13th century (cf. Darmstaedter 1922), 
described the preparation and purification of various 
materials by recrystallization as well as by sublima- 
tion and distillation. 

Towards the end of the Middle Ages, the general 
technical progress led to corresponding progress in the 
techniques of material production and transformation, 
too. In the middle of the 16th century, Birringuccio 
(1540) recorded in detail the leaching of saltpeter and 
its purification by recrystallization, and the Saxonion 
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Fig. 1. Crystallization of vitriol. Woodcut from Agricola’s “De re 
metallica” Basel: Froben 1556 (strings are used for seeding). 


scientist Agricola (1556) in his famous, extensive 
work “De re metallica” gave instructions on how to 
produce various salts, alums and vitriols. (Fig. 1) 

In the following century, the word “crystal” came 
into use more and more in the modern, general sense. 
Originally, Homer had used the expression “crystal- 
los” for ice crystals only, antiquity had extended it to 
quartz crystals (rock crystals). Also in the 17th century 
the denotation “crystallization” came into use, replac- 
ing earlier expressions like “condensation” or “coagu- 
lation.” 

On New Year’s night of 1611, a snowflake landing 
on Johannes Kepler’s sleeve was the point of departure 
for his charming essay: “A New Year’s Gift, or On a 
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Hexagonal Snowflake.” Kepler (1611) concluded that 
snow crystals are built by closed packed spherical par- 
ticles and posed, in such a way, the correct principle of 
crystallographic form and structure. Fifty years later 
Hooke (1665) claimed—in his “Micrographia” based 
on microscopic observations of many crystals—that 
every crystal form can be realized by arrangements of 
spherical particles. Looking at Kepler’s drawings and 
remembering the work of Agricola and his precursors 
formerly cited, one can say that the very basic knowl- 
edge on both crystal growing and structure had already 
become available at this early time. 

Indeed, a historical review reveals that the “mod- 
ern” scientific development of crystallography started 
in the 17th century. In about 1600 Caesalpinus (1602) 
had already observed that crystals of specific mate- 
rials, like sugar, saltpeter, alum, vitriols and so on, 
grown from solutions, exhibit typical forms, charac- 
teristic of each material. But it was not until as late as 
1669 that Nicolaus Steno discovered the law of con- 
stancy of crystal angles—the fundamental law under- 
lying the growth of crystals. Steno’s work was ex- 
tended and generalized by Guglielmini (1668; 1705) 
and finally confirmed about 100 years later by Romé 
de I’Isle (1772; 1783). According to them, every 
chemical species has its specific crystal form. 

In contrast to the extensive experimental experi- 
ence and the accuracy in describing crystals, the gen- 
eration and the growth process of crystals long re- 
mained subject to the speculations and mystifications 
deriving from the Middle Ages. The growth of crys- 
tals was often considered to be similar to that of plants 
or animals, viz. connected with mystic powers and 
virtues. At that time, of course, it seemed difficult to 
understand how crystals can form from fluid, transpar- 
ent and even microscopically clear solutions. It was 
the great experimentalist Boyle (1666; 1672) who ob- 
served that the nature of solution-grown crystals de- 
pends both on impurities and the rate of deposition, 
i.e. the growth rate. He also concluded from crystal 
forms and inclusions, partly fluid, that gem stones and 
other minerals are generated from solutions, too. Nev- 
ertheless, Boyle believed the growing process to be 
driven by non-materialistic and imponderable powers, 
and he also gave credence to the medical virtues of 
crystals, especially of gem stones. But Steno (1669) 
had already concluded that crystals grow by the at- 
tachment of material from outside and not by any veg- 


etative mode of growth. However, Steno’s statement 
became accepted only gradually, for instance by Hot- 
tinger (1698) and by Homberg (1692), who wrote that 
dendrites also grow in a simple way from outside. But 
even in the 18th century some notable scientists, for 
instance Leeuwenhoek (1685; 1703; 1705), still gave 
credence to vegetative growth modes. 

During the 18th century significant progress was 
achieved both in the systematic description of crys- 
tals, especially minerals (cf. Capeller 1723; Linnaeus 
1768), as well as in crystal growth experiments. 
Fahrenheit (1724) discovered the supercooling of wa- 
ter and noted the release of heat when ice forma- 
tion occurred. Towards the end of the century Lowitz 
(1795) in his extensive work reaffirmed the earlier im- 
plied requirement of supersaturation or supercooling 
for the initiation of crystal growth and described the 
now well-known features of supersaturated solutions. 
The supersaturation of a solution can be achieved both 
by evaporation or supercooling; the degree of supersat- 
uration that can be attained depends on the particular 
salt and on the pretreatment of the solution. He also 
used seeding and recognized a specificity of different 
nucleating agents. From a mixed supersaturated solu- 
tion, the separate salt that is used for seeding will be 
deposited. The identity of the crystallizing salt and the 
nucleating agent is not required in all cases. 

Lowitz’s work as well as the extended investiga- 
tions of Leblanc (1802), Beudant (1817; 1818), Gay- 
Lussac (1813; 1819), Fuchs (1815; 1816; 1817) and 
others prepared the way for Mitscherlich’s (1819) gen- 
eral formulations regarding isomorphism and epitaxy. 
Somewhat later (1822) Mitscherlich also discovered 
the phenomenon of polymorphism (originally of di- 
morphism), that all together led to a revision of the 
basic crystallo-chemical principles. At the same time 
Schweigger (1813) made the significant observation 
that a seed or nucleus must be of a certain size in 
order to initiate crystallization—the point of depar- 
ture for the subsequent concepts of critical-sized nu- 
clei. In the meantime the outstanding work of Hatiy 
(1782; 1784) had appeared; after some precursors 
(Guglielmini 1688; 1705, Westfeld 1767, Bergman 
1773; 1779), he propounded the view that continued 
cleavage of a crystal should ultimately result in the 
smallest possible unit, a “molécule intégrante,’ by a 
repetition of which the whole crystal is built up. The 
concept of a periodic crystal structure was now well 


J. Bohm/ The history of crystal growth 3 


@A 


Se B 
SB 


Fig. 2. Planar arrangements of dose packed spheres. Reproduction 
from Johannes Kepler’s “Strena seu de Nive Sexangula.” Frankfurt: 
Tampach 1611. 


established and, furthermore, the idea of molecular 
growth units was introduced to the crystallographic 
community, too. Despite Hatiy’s work, Weiss (1804) 
considered crystals to be anisotropic continua; he de- 
rived the crystal systems (1815) and discovered the 
law of rational intercepts (1816) and the zone law 
(1820). On the other hand, Seeber (1824) discarded the 
concept of polyhedral cleavage nuclei: he concluded 
from the compressibility of crystals that they are built 
by a parallelepipedic arrangement of spheres—that 
means a lattice. In the middle of the century Bravais 
(1849) derived the 14 lattice types, setting the period- 
icity of crystals on a sound footing. He hypothesized 
a correspondence of lattice and morphology according 
to which crystal faces are planes with a high density of 
lattice points. 

Referring to experimental investigations, mention 
must be made of the excellent work of Lowell (1857). 
Following many early papers on the Naz2SO4—H20 
system (e.g. Ziz 1815), he determined accurately 
the solubilities not only of the stable anhydrous 
Na2SO,q and its decahydrate (Glauber’s salt, 1658), 
but of the metastable heptahydrate, too. His obser- 
vation that from a supersaturated solution a crystal 
of the metastable heptahydrate crystallizes rather than 
the stable decahydrate afterwards prompted Ostwald 
(1897) to formulate his Law of Stages. Furthermore 
he established the expression of metastability (1893) 
and of a metastable region of supercooling or super- 
solubility (1897), nowadays called the Ostwald—Miers 
region. Ostwald was also concerned with the critical 
size of nuclei, he gave an interpretation of Liesegang’s 
rings as a supersaturation phenomenon (1897) and de- 
rived the thermodynamic formula of the enhanced sol- 


ubility of small particles (1900). Liesegang (1896) 
generated his rings by placing a droplet of a solu- 
tion of silver nitrate onto a layer of gelatine contain- 
ing potassium chromate, and we may credit this as the 
introduction of the technique of crystal growth in a 
gel. Intensive investigations and speculations on the 
aspects of nucleation were stimulated further by the 
work of de Coppet (1872; 1875). According to his 
observations supersaturated solutions or supercooled 
melts remain stable for a limited interval of time de- 
pending on the size of the sample. De Coppet ex- 
tended his experiments over exceptionally long peri- 
ods up to several years until crystallization took place; 
he did in fact maintain solutions of Glauber’s salt in 
the supersaturated condition for nearly 35 years, and 
these were still intact at the time of his last report 
(1907). De Coppet explained his results by the for- 
mation of crystal embryos via ordinary collisions—a 
first theory of homogeneous nucleation. This found 
considerable criticism, and there was a lengthy con- 
troversy between the followers of homogeneous and 
of heterogeneous nucleation theories. The first quan- 
titative measurements of the linear growth rates were 
performed by Gernez (1882): he crystallized sulphur 
and phosphorus from their respective melts, using long 
glass capillary tubes. Later, in the early 20th century, 
Tammann (1898; 1903) became the leading exponent 
for quantitative measurements, both of nucleation and 
crystal growth rates. 

But foremost, there is the masterly theoretical work 
of Gibbs (1878) on heterogeneous equilibria, but the 
value of this work was generally recognized only with 
great delay. Gibbs determined the energy needed to 
generate a nucleus and derived the equilibrium form 
of a crystal that fulfills the condition of minimum to- 
tal free surface energy. But in a footnote he pointed 
out that the equilibrium form may determine the nature 
of small crystals only whereas the larger ones will be 
confined finally by such faces onto which the attach- 
ment of material proceeds most slowly. Curie (1885) 
independently concluded in a short meaningful paper 
that the stable form, as he said, of a crystal is given 
by the minimum of the sum of the products of sur- 
face tension times surface area. This led to the well- 
known construction of a crystal form by Wulff (1895; 
1901). While the kinematic theory of crystal growth, 
based on the velocities of advance of the individ- 
ual crystal faces, was developed by Becke (1894), by 
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Johnsen (1910), and by Gross (1918) another alterna- 
tive approach was introduced by Noyes and Whitney 
(1897) and by Nernst (1904) and Brunner (1904), who 
treated crystal growth as a diffusion-limited phenom- 
enon. Early in this century Laue’s invention of X-ray 
diffraction and the determination of crystal structures 
based thereon (first performed by Bragg) gave definite 
knowledge of the inner construction of crystals. 

In the meantime, significant progress was achieved 
in crystal growth technology. A great deal of effort was 
made in the field of experimental mineralogy, stimu- 
lated not least by the search for recipes to make syn- 
thetic gem-stones. As early as 1837 Gaudin, and then 
B6ttger (1839) and Elsner (1839) prepared small ruby 
crystals by melting a mixture of potassium alum and 
potassium chromate. Fremy (1891), cooperating with 
Verneuil in his attempts to grow gem-stones and other 
crystals from high temperature solutions, used large 
crucibles containing up to 50 liters of melt but they 
got mm-sized crystals only, mainly because of the poor 
temperature stability of their furnaces. Among the nu- 
merous efforts to synthesize diamonds, only those of 
Hannay (1880) and Moissan (1894) are mentioned 
here. Hannay accidentally found diamonds when he 
heated a mixture of lithium, paraffin and bone oil in 
thick-walled iron tubes. Moissan claimed to have ob- 
tained diamonds by quenching a melt of iron saturated 
with carbon. At the beginning of the present century 
Verneuil (1902; 1904) published his well-known flame 
fusion method by which he succeeded in growing large 
ruby crystals. Soon afterwards the industrial produc- 
tion of synthetic rubies was established; today this 
method is still followed throughout the world in some 
20 factories with an estimated 1000 growing machines 
in nearly the same manner as invented by Verneuil. 
These figures prove that the Verneuil method is well 
in advance of all other growth methods. 

The old method of sublimation was used by Du- 
rocher (1849; 1851) to prepare crystals of transition 
metal sulphides, passing hydrogen sulphide over the 
corresponding chlorides; even at that time he used 
the expression “transportation.” Nowadays it is often 
Lorenz (1891)—who reproduced and discussed many 
of the older experiments—who was credited with hav- 
ing reinvented the sublimation technique for crystal 
growth technology. Concerning the growth methods 
from solution, G. Wulff (1895) was credited with the 
first construction of an apparatus with a rotating ves- 


sel, in this way breaking with the principle of avoiding 
any movement in crystallization experiments. But he 
had, in fact, already had a precursor in the less-known 
L. Wulff (1886). Johnsen (1915) invented a vertical 
setup with a rotating crystal. The two-tank technique 
was patented in 1910 by Kriiger and Finke, but it had 
already been described accurately as early as 1852 by 
Payen. Following some precursors in experiments with 
high pressure hydrothermal solutions, Spezia (1905; 
1906; 1909) succeeded first in the hydrothermal syn- 
thesis of larger sized quartz crystals. 

Concerning the development of melt growth, Nac- 
ken (1915; 1916) grew single crystals from the melt 
on a cooled rod or seed crystal dipped into the melt. 
This method was modified by Kyropoulos (1926), who 
additionally slowly raised the growing crystal. Thus, 
his set-up became similar to Czochralski’s (1918) 
method of pulling crystals from the melt. With the aim 
of growing metal crystals with a constant diameter, 
Gomperz (1921) put a platelet of mica onto the melt 
surface and pulled the crystal through a hole in the 
center of this platelet: in this way the technique of 
pulling profiled crystals was born; in the fifties this 
technique was reinvented by Stepanov (1959) and his 
co-workers. Concerning the freezing in crucibles, in 
1914 Tammann had performed the growth of metal 
single crystals in small vertically arranged tubes by 
directional solidification; this method was made more 
sophisticated by Obreimov and Schubnikov (1924), 
who cooled the tip of the crucible blowing air onto 
it. With the same purpose Bridgman (1923; 1925) 
introduced the technique of lowering the crucible. In 
the 30s his method was applied by Stockbarger (1936) 
to grow large alkali halide crystals. The gradient 
freezing of large crystals in a resting crucible was 
performed by Stdber (1925). Somewhat later, Kapitza 
(1928) used the horizontal gradient technique in an 
open boat to grow bismuth crystals; in addition, he 
attempted to grow bismuth crystals by vertical zone 
melting too, the invention of which as a crystal 
growth technique must be credited to him. Finally 
we mention that in this period the preparation of 
aluminum crystals by the strain-anneal technique was 
performed by Sauveur (1912; cf. Carpenter 1922; 
1926), the recrystallization of tungsten by the Pintsch 
technique (1916; cf. Bottger 1917) and the deposition 
of tungsten and other refractory metals from the vapor 
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phase of halide compounds onto a hot wire by Koref 
(1922) and by van Arkel (1923; 1925). 

Returning again to the theory of crystal growth, 
it was Volmer (1922) who introduced the adsorption 
of growth units onto the crystal surface, their dif- 
fusion along the surface and the generation of two- 
dimensional nuclei. Then, Volmer and Weber (1926) 
extracted from a thermodynamic treatment the basic 
expression of the rate of nucleation. This expres- 
sion gives an exponential dependence of the nucle- 
ation rate on the work of nucleation (“Keimbildungsar- 
beit’). Due to its kinetic peculiarity, in this expression 
the preexponential factor still remains undetermined. 
The first kinetic approach to nucleation was given by 
Farkas (1927). At the same time the molecular ki- 
netic theory of crystal growth was founded by Kos- 
sel (1927), introducing the half crystal position (“Hal- 
bkristallage’’) and by Stranski (1928), introducing the 
detachment energy and somewhat later (1931; 1932; 
1934; 1935) in common with Kaischev the average de- 
tachment energy. After this Becker and Doring (1935) 
published their kinetic theory of nucleation. 

Concerning the relationship between crystal struc- 
ture and habit Donnay and Harker (1937) extended the 
principle of Bravais: they considered the influence of 
screw axis and glide mirror planes on the density of 
lattice points at the particular crystal faces and de- 
rived a morphological aspect for each space group. 
In the fifties Hartmann and Perdok (1955), regarding 
the actual structure of a crystal, introduced the con- 
cept of PBC-vectors that denote the chains of strongest 
bonds in a crystal—a concept that has proven fruitful 
with respect both to crystal habit and growth. Some- 
what before this, Burton (1949), Cabrerar (1949) and 
Frank (1949) founded the well-known theory of spiral 
growth, the nowadays so-called BCF theory, solving 
a hitherto marked discrepancy between growth theo- 
ries and measurements of actual growth rates. Also in 
the early fifties, Burton, Prim and Slichter (1953) de- 
rived their frequently cited expression for the effec- 
tive distribution coefficient, and Rutter and Chalmers 
(1953) described the phenomenon of constitutional su- 
percooling that is caused by a drop in melt temperature 
due to the enrichment of impurities adjacent to the sur- 
face of a growing crystal. Both papers became very 
important with regard to the practical aspects of crys- 
tal growth. 


The onset of the modern development of crystal 
growth technology, dating from the Second World 
War, was boosted mainly by the demand for crystals 
for electronics, optics, and scientific instrumentation. 
Starting mostly from long-known growth methods, the 
growth technologies had to be raised to a very high 
and advanced level to fulfill the increasing demands 
in crystal size and quality. Frequently, for economic 
as well as for political reasons, similar developments 
were performed independently at several places, an 
example of which was the hydrothermal synthesis of 
quartz crystals in the forties. This also holds for the 
production of semiconductor crystals, starting from 
the fifties. The main progress in the latter field was 
marked by the adaptation of the Czochralski method 
to grow germanium crystals by Teal and Little (1950) 
and by Roth and Taylor (1952), by the zone melting 
invented by Pfann (1952; 1953) and subsequently by 
the floating zone technique for silicium, invented by 
Keck and Golay (1953; 1954) and by Emeis (1954). 
Finally, the old dream of crystal growers, the synthesis 
of man-made diamonds, perhaps the most spectacular 
event in the history of crystal growth, was published 
first by Bundy, Hall, Strong and Wentorf (1955). 
But it was realized in at least three places in the 
world independently and at the very same time, all 
using surprisingly similar apparata, that means high 
pressure equipment of the belt type. Nowadays about 
half of the diamonds used for industry are produced 
synthetically. 

The increasing investigations and efforts in the field 
of crystal growth have shown up in the literature as 
well as at relevant conferences. Nowadays, most of the 
important papers are concentrated in the two leading 
journals “Journal of Crystal Growth” and “Crystal 
Research and Technology.” The latter was founded 
in 1966 as “Kristall und Technik,” the “Journal of 
Crystal Growth” was founded one year after in 1967. 
But now as before papers on crystal growth appear 
in many other periodicals, too. The first conference 
dedicated especially to crystal growth was held at 
Bristol by the Faraday Society in 1949; a further 
one was held at Cooperstown (N.Y.) in 1958. The 
Soviet Union Conferences started as early as in 1956. 
The International Conferences on Crystal Growth 
were founded in 1966 in Boston. Since 1976, in 
Ziirich, there have been European Conferences, too. 
Besides other regional conferences not mentioned 
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here, we have the well-known Hungarian Conferences 
on Crystal Growth to the third of which this paper was 


dedicated. 


[Ed. We thank Acta Physica Hungarica and the 
author for allowing us to reprint this article which 
appeared in vol. 57 (3-4), pp. 161-178 (1985)]. 


Appendix A. The History of Crystal 
Growth—Chronology 


1540 Birringuccio 
1556 Agricola 
1602 Caesalpinus 


1611 Kepler 
1658 Glauber 
1665 Hooke 
1666 Boyle 


1669 Steno 


1669 Bartholinus 


Recrystallization of saltpeter 
Production of various salts 
Typical forms of solution from 
crystal species 

Structure of snow crystals 
Crystallization of Glauber’s salt 
Structure of crystals 

Influence of impurities and 
growth rate on crystal forms 
Law of constancy of crystal an- 
gles; crystal growth via addition 
of material from outside 
Birefringence of calcite 


1685 Leeuwenhoek Description of crystals, also by 


1688 Guglielmini 
1690 Huygens 


1692 Homberg 
1698 Hottinger 
1724 Fahrenheit 
1767 Westfeld 
1773 Bergman 


1782 Haitiy 
1783 Romé 
de I’Isle 


1795 Lowitz 


1813 Schweigger 
1815 Fuchs 

1815 Weiss 

1816 Weiss 

1819 Mitscherlich 
1822 Mitscherlich 


microscopic observation 
Correspondence of crystal 
forms and chemical species 
Structural interpretation of bire- 
fringence 

Crystal growth via addition of 
material from outside 
Supercooling of water 


Building of crystals from small 
growth units (cleavage nuclei) 


Description of crystals; change 
in nature of rocksalt by means of 
urea 

Supersaturation and crystalliza- 
tion of salt solutions; seeding 
Minimum size of crystal nuclei 
“Vicariates” 

Crystal systems 

Law of rational intercepts 
Isomorphism; epitaxy 
Polymorphism (dimorphism) 


1824 Seeber 
1830 Hessel 
1837 Gaudin 


1839 Bottger; 
Elsner 

1839 Miller 

1849 Bravais 


1851 Durocher 
1852 Payen 
1857 Lowel 


1865 Gernez 
1865 Marangoni 
1872 de Coppet 
1876 Sohncke 
1878 Gibbs 
1880 Hannay 
1882 Gernez 
1883 Barlow 
1885 Curie 


1886 L. Wulff 


1889 Stefan 
1891 Schoenflies 
1891 Federov 
1893 Ostwald 


1894 Becke 
1895 G. Wulff 


1896 Liesegang 


1897 Ostwald 

1897 Noyes & 
Whitney 

1898 Tammann 


1900 Ostwald 
1902 Verneuil 


1904 Nernst and 
Brunner 


Lattice structure of crystals 
Crystal classes 

Ruby from high-temperature so- 
lution 


Miller’s indices 

Lattice types; correspondence of 
lattice type and crystal form 
Vapor growth of sulphide crys- 
tals; “transportation” 

Solution growth by the two-tank 
technique 

Solubilities in the NazSO4—H20 
system; metastable solutions 
Reciprocal pairs of salts 

Liquid surface phenomena 
Spontaneous nucleation 

Groups of motion 
Heterogeneous phase equilibria 
Man-made diamonds 
Measurements of growth rates 
Sphere packings 

Minimum surface energy of 
growth forms 

Solution growth in a rotating 
vessel 

Stefan’s problems 


Space groups 

Metastable region of supersatu- 
ration; critical size of nuclei 
Kinematic development of forms 
Wulff’s rule of construction of 
crystal forms; solution growth in 
a rotating vessel 

Liesegang’s rings (crystal 
growth in a gel) 


Step rule 
Dissolution of crystals con- 
trolled by diffusion 


Measurements of nucleation and 
growth rates 

Dependence of solubility on par- 
ticle size 

Flame fusion technique (ruby) 
Diffusion layer on a crystal sur- 
face 


1905 Spezia 


1910 Johnsen 
1910 Kriiger and 
Finke 

1911 Artemiew 


1912 Sauveur 

1912 Laue, 
Friedrich 
Knipping 

1913 Bragg 


1914 Johnston 

1914 Tammann 

1915 Johnsen 

1915 Nacken 

1916 Schaller and 
Orbig 

1918 Czochralski 


1921 Gomperz 


1922 Volmer 


1922 Koref 
1923 Van Arkel 


1923 Bridgman 
1925 Stdber 
1926 Kyropoulos 
1926 Volmer and 
Weber 
1927 Farkas 
1927 Kossel 
1928 Stranski 


1928 Kapitz 
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Hydrothermal synthesis of 
quartz 

Kinematic development of forms 
Solution growth by the two-tank 
technique 

Growth experiments with crystal 
spheres 

Strain-anneal technique 

X-ray diffraction by crystals 


X-ray crystal structure determi- 
nation 

Diffusion technique to grow 
lowly soluble compounds 
Directional solidification of met- 
als 

Solution growth using a rotating 
seed 

Melt growth using a cooled seed 
Recrystallization of a tungsten 
wire (Pintsch technique) 

Pulling of metal crystals from 
their melt 

Pulling of profiled metal crys- 
tals from the melt using a mica 
orifice 

Adsorption and surface diffu- 
sion; two-dimensional nuclei 


Vapor phase deposition (hot wire 
technique) 

Melt growth by lowering the cru- 
cible 

Melt growth by the gradient 
technique 

Melt growth by using a cooled 
seed 

Thermodynamic theory of nucle- 
ation 

Kinetic approach to nucleation 
Half crystal position 
Detachment energy (both kinetic 
theory of crystal growth) 

Crystal growth by zone melting 
and by the horizontal gradient 
technique 


1935 Becker and 
Doring 
1936 Stockbarger 


Kinetic theory of nucleation 


Melt growth by lowering the cru- 


cible 

1937 Donnay and Morphological aspect 
Harker 

1949 Burton, Spiral growth (BCF theory) 
Cabrera and 
Frank 

1950 Teal and Czochralski growth of germa- 
Little nium 

1952 Pfann Zone melting 

1953 Keck & Floating-zone technique 
Golay 

1953 Rutter and Constitutional supercooling 
Chalmers 


1953 Burton, Prim Effective distribution coefficient 
and Slichter 


1955 Hartmann & “PBC-Vectors” 


Perdok 

1955 Bundy, Hall, High pressure synthesis of dia- 
Strong and mond 
Wentorf 
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Decrystallization of adult 
birdsong by perturbation 

of auditory feedback 


Anthony Leonardo & Masakazu Konishi 


Computation and Neural Systems Program and Division of Biology, MC 216-76, 
California Institute of Technology, Pasadena, California 91125, USA 

Young birds learn to sing by using auditory feedback to compare 
their own vocalizations to a memorized or innate song pattern; 
if they are deafened as juveniles, they will not develop normal 
songs’”. The completion of song development is called crystal- 
lization. After this stage, song shows little variation in its tem- 
poral or spectral properties. However, the mechanisms underlying 
this stability are largely unknown. Here we present evidence that 
auditory feedback is actively used in adulthood to maintain the 
stability of song structure. We found that perturbing auditory 
feedback during singing in adult zebra finches caused their song to 
deteriorate slowly. This ‘decrystallization’ consisted of a marked 
loss of the spectral and temporal stereotypy seen in crystallized 
song, including stuttering, creation, deletion and distortion 
of song syllables. After normal feedback was restored, these 
deviations gradually disappeared and the original song was 
recovered. Thus, adult birds that do not learn new songs never- 
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Figure 1 Protocols for constructing the feedback signals. In the adaptive protocol, 
the computer alternated between recording vocalizations and playing the last 
vocalization back to the bird. In the syllable-triggered protocol, the computer 
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theless retain a significant amount of plasticity in the brain. 

The song of zebra finches consists of three levels of organization: 
syllables, which are individual sound components of the song 
separated by silent intervals; motifs, which are sequences of 
syllables; and bouts, which are sequences of motifs’. The spectral 
structure of the syllables is unstable in the juvenile bird. Similarly, 
motifs and bouts are organized differently from song to song. 
However, as the song gradually assumes its adult form, these 
different levels of organization become highly stereotyped, the 
variability of the spectral structure of the syllables becomes 
extremely small, and the bird sings these syllables in a highly 
predictable order. At this stage, the song is referred to as crystallized. 
Some birds, like the zebra finch, maintain their crystallized song 
throughout adulthood and are called age-limited learners. Open- 
ended learners like canaries can, in contrast, learn new songs in 
adulthood’. 

The stability of song in age-limited learners was previously 
thought to be maintained without auditory feedback’*. Recent 
reports, however, show that deafening these birds after crystal- 
lization causes changes in song, suggesting that some auditory 
feedback is important for song maintenance throughout life’~’. 
Six to eight weeks after deafening, the song of adult zebra finches 
deteriorates, and shows addition and deletion of syllables, abnormal 
repetition of syllables (stuttering), and modified syllable sequences. 
By opening the auditory feedback loop, deafening shows how well 
the song pattern generator can maintain its original output without 
this signal. However, to learn how the song control system works, 
it is necessary to manipulate auditory feedback without disabling 
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monitored the bird's song in 50-ms bins and detected the production of a single 
target syllable. In both protocols, the bird heard the superposition of his own 
vocalizations and the computer-generated feedback. 
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either the auditory or vocal motor system. The ability to modify 
feedback signals dynamically allows particular spectral and tem- 
poral components of the song to be chosen for manipulation. 
Furthermore, the effects of restoring normal auditory feedback 
after exposure to abnormal feedback can be observed. We show 
here how these manipulations produce dramatic changes in the 
adult song. 

We developed a computer-controlled system to perturb auditory 
feedback and designed two feedback paradigms (Fig. 1). In both 
methods, the computer detected singing and then played a feedback 
signal to the bird. Because the playback signals were delivered 
through an overhead speaker, the birds heard a superposition of 
natural and artificial sounds. In the first paradigm, the adaptive 
protocol (n = 3 birds), a computer alternated between recording 
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vocalizations and playing back the last vocalization to the bird. The 
position of the feedback varied, depending on the exact timing of 
the bird’s song, and the feedback changed as the song changed (see 
Methods). To investigate the effects of feedback on a more local 
level, we designed a second syllable-triggered protocol (n = 2 birds) 
in which we perturbed the feedback of only a single target syllable. 
The computer recognized and played back a stored copy of this 
syllable each time the bird produced it. The timing of the feedback 
signal was fairly constant across different song deliveries. 

We recorded the songs of five adult male zebra finches in separate, 
sound-attenuated chambers for several weeks before beginning the 
experiment. The variability of their songs was well within that found 
in crystallized songs. The birds were then placed in the feedback 
system. After 1-4 months in this environment, four of the five birds 
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Figure 2 Normal and decrystallized birdsong spectrograms. a, Two motifs of a 
normal, crystallized zebra finch song. Each syllable has a stable and well defined 
spectral structure. The ordering of the song syllables is identical in the two motifs. 
The syllable sequence ‘A B C D E’ represents the baseline motif for this bird. The 
‘’'s represent introductory notes, which occur in variable numbers at the 
beginning of motifs. b, The decrystallized song of the bird shown in a, with a 
motif containing stuttering of the song syllable ‘B’. ¢, Another example of the 
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decrystallized song of the bird shown ina. The syllable sequences now vary from 
motif to motif, indicating a loss of the fundamental temporal stereotypy which 
characterizes crystallized zebra finch song. Motifs one and three contain new 
song syllables (F, G, H) which were not present in the baseline motif shown in a. 
Motif two contains a repetition of syllable ‘B’. After the feedback was removed, the 
sequences shown in b and ¢ gradually disappeared and only the baseline song 
was produced. 
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showed dramatic changes in their songs. To study the progression of 
these changes, we allowed some of the birds to sing without artificial 
feedback on a randomly chosen 10-15% of their song deliveries one 
day per week. All of the analysed data consisted of recordings of the 
bird singing by himself, with no artificial feedback. After the 
feedback was permanently stopped, we tracked all the birds for 
another 8—16 months to determine whether they could recover their 
original songs. 

Decrystallization of the song occurred in both global song 
organization and local spectral structure, and consisted of the 
emergence of new spectral and temporal properties and increased 
occurrence of properties that were rare in the baseline song. We use 
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Figure 3 Decrystallization of a single syllable. a, Baseline (pre-feedback) version 
of the syllable. b, After one week of syllable-triggered feedback. Harmonic 
frequencies (white lines) have appeared around the single frequency in the early 
portion of the syllable (att = ~30 ms). ¢, After one month of feedback, additional 
harmonic frequencies now stretch throughout the duration of the syllable. 
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the term decrystallization to refer collectively to all of the perturbation- 
induced changes from the original quantitative and statistical 
structure of the song; this does not necessarily imply a return to a 
juvenile state of song structure. These changes include stuttering, 
creation, deletion and distortion of song syllables. As 
the decrystallization progressed, the proportion of normal songs 
decreased and that of abnormal ones increased. However, baseline 
songs were still produced with low probability even at the peak of 
song degradation. 

The changes seen in the three adaptive protocol birds were very 
similar to those seen in deafened birds”. A series of spectrograms 
representative of these results is shown in Fig. 2. Stuttering occurred 
in all three adaptive-protocol birds and was the most dramatic 
change in song organization. Both complex syllables and modified 
introductory notes were stuttered. A secondary effect of stuttering 
was a substantial increase in the maximum song length. Other 
changes to song organization induced by the feedback were the 
addition of new syllables to the song and, infrequently, the deletion 
of old syllables from the song. Many zebra finch syllables contain 
sets of frequencies that are integer multiples of a common 
fundamental frequency; such sets are called harmonic stacks (Fig. 
2a, syllable D). The same three birds also showed spectral distortion 
in their song syllables, including wobbles in the harmonic structure 
of simple notes and the production of two superimposed harmonic 
stacks, indicating a loss of precise control over the vocal organ (the 
syrinx)*”. There was considerable variability in the magnitude and 
time course of the changes between different birds, but significant 
changes were generally seen within six weeks. Finally, all the changes 
in song structure described above could occur within different 
motifs in the same bout. This is significant because one of the 
hallmarks of crystallized song is its robust temporal sterotypy—an 
identical syllable sequence is maintained within all the motifs of a 
bout. Decrystallized song, in contrast, lacks this stereotypy (Fig. 2c). 

Two birds received feedback in the syllable-triggered protocol. In 
one of the birds, significant changes in the spectrum of the target 
syllable appeared in less than a week and increased in magnitude for 
the remainder of the feedback period. No changes were seen in the 
spectrum or the ordering of any of the other syllables in the song. 
The changes to the target syllable consisted of the appearance of 
harmonic frequencies around previously single-frequency portions 
of the syllable’s spectrum (Fig. 3). The presence of these additional 
harmonics grew more frequent with time, until eventually this 
initially tonal syllable was sometimes produced as a distorted 
harmonic stack. Humans can also alter the spectral structure of a 
sound in response to altered auditory feedback'’. The second bird 
used in this protocol showed no changes in his song after 11 weeks 
of feedback perturbation. 

Decrystallization essentially consisted of a large increase in the 
variability of the song. To quantify the changes associated with the 
arrangement and variability of syllable sequences, we developed an 
automatic method to sort the data acquired on a given day into 
syllable types by using the different spectral and temporal features of 
each syllable. This transformed the raw voltage waveforms recorded 
from the microphone into a series of syllable strings, such as ‘A B C 
D E;, from which we calculated the probability of different syllable 
sequences. We define the baseline motif as the most probable 
sequence of syllables that the bird repeated in a bout before the 
feedback period began. Figure 4a shows the probability of singing 
the baseline motif as a function of time for one bird. After receiving 
one month of perturbed feedback, the probability of the baseline 
motif for this bird decreased by a factor of six. 

The probabilistic sequencing of syllables by the bird on a 
particular day can be fully characterized as a Markov chain". 
Thus, the likelihood of singing a particular syllable depends only 
on the occurrence of the last syllable produced, and not on any prior 
syllables. The bird’s song over the course of the experiment can then 
be described as a Markov chain which evolves in time (Fig. 4a), and 
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Figure 4 Time course of decrystallization and recovery. a, The probability of one 
bird singing his baseline motif as a function of time. The shaded area represents 
feedback interval. Circles represent the probability calculated from the entire 
sequence of syllables (Prob {A B C D &}); asterisks represent the probability 


the conditional entropy of the Markov chain can be used as an 
estimate of the variability of the song on a particular day (Fig. 4b)". 
The conditional entropy measures the uncertainty in observing 
syllable B, given that syllable A was just produced. If each syllable is 
followed only by a single other syllable (only one type of syllable 
sequence is produced), then the conditional entropy will be low, 
whereas if any syllable can follow any other syllable (many different 
sequences are produced), the conditional entropy will be high. 
We examined the data for all three adaptive protocol birds using 
this method and found that birds in a decrystallized state had a 
significantly higher conditional entropy than they did in their 
baseline state. Taken together, the time course of the baseline 
motif probability and the conditional entropy shows that the bird 
in Fig. 4 went from being a low-variance singer, with essentially a 
single motif, to being a high-variance singer who produced a large 
number of different motifs. 

After the removal of the artificial feedback, the temporal and 
spectral variability in the songs of all three adaptive protocol birds 
slowly decreased over the following weeks and months. The songs 
eventually recrystallized and became stable again. Both the prob- 
ability of the baseline motif and the conditional entropy of the song 
returned to their baseline levels. Stuttering, abnormal sequencing 
of syllables and modified spectral organization gradually became 
infrequent and were replaced by the temporal and spectral organi- 
zations characteristic of the original song. A complete recovery took 
about 2—4 months. The syllable-triggered bird made a partial 
recovery by 8 months after the cessation of feedback. The slow 
progression of these changes suggests that auditory feedback does 
not exert a great deal of instantaneous control over the production 
of song, but instead has a cumulative effect on song maintenance. 
The recrystallized songs appeared to remain stable indefinitely. We 
tracked one bird for a year after his recovery and saw no departures 
from the baseline song structure. 

Our results demonstrate that zebra finches need auditory feed- 
back to maintain their songs in adulthood. This species, which does 
not modify its song or learn new songs after crystallization, appears 
to retain a great deal of plasticity in its auditory—vocal control 
system. This plasticity is sufficient to produce modifications in both 
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calculated from the syllable-to-syllable transition probabilities of the Markov 
chain for the song (Prob{A}*Prob{B|A}*Prob{C|B}*Prob{D|C}*Prob{E|D}). The two 
curves are identical to within 4% error. b, The conditional entropy of the song, 
which is a measure of song variability, for the same bird. 


the temporal pattern of song organization and the spectral structure 
of individual syllables. This finding is not consistent with the 
classical depiction of song development in which a dynamic learn- 
ing period in youth ends in a static maintenance period in adult- 
hood. Thus, the distinction between age-limited and open-ended 
learners may not be as sharp as these names would indicate. 
Methods 

Birds were housed in custom-designed plexiglass cages and were paired with a 
female who lived in a separate partition of the cage. The playback speaker’s 
output was calibrated to be approximately the same as the sound level of the 
bird’s vocalizations (80—90 dB SPL in the bird’s ear). At the start of the baseline 
song recordings, the birds ranged from 130 to 300 days old (mean age was 200 
days; zebrafinches reach adulthood at 90 days). The singing rates of the 
different birds ranged from tens to thousands of motifs per night. However, 
there was no apparent correlation of age or singing volume with the magnitude 
of the effects we observed. For the two birds who did not sing frequently, we 
collected no baseline data during the feedback period. 

Adaptive feedback perturbation. Microphone data were sampled at 40 kHz, 
after being low-pass filtered (10 kHz cutoff, 7-pole anti-aliasing filter). As 
is shown in Fig. 1, the computer continuously acquired data from the 
microphone in segments of 100 ms. Each of these ‘bins’ of data was passed 
through a software-based infinite-impulse response (IIR) filter (the ‘trigger 
filter’) that was used to detect song vocalizations while avoiding noise artifacts 
(such as pecking, wing flaps and low amplitude calls). The playback of sound 
occurred when the output of the trigger filter exceeded a root mean square 
threshold. The artificial feedback was thus produced with a 100-ms delay, and 
coincided with a silent interval in the bird’s song or with the following syllable, 
depending on the timing of the song with respect to the bin borders created by 
the computer. The alternation between recording vocalizations and playing 
sounds prevented a positive feedback loop from developing. The playback 
stimulus was constructed from the 100 ms of sound that had caused the trigger 
event, and was narrowband-filtered before being played back to the bird. A 
narrowband filter was chosen to make the playback sounds difficult to localize. 
For one bird a wideband IIR filter was used. No significant differences in results 
were observed between this bird and the two narrowband birds. Delayed 
feedback was used instead of other interfering stimuli such as white noise so as 
to replicate the structure of syllables that these birds normally hear. The effects 
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of white noise will be examined in future work. 

The birds exposed to the adaptive protocol showed changes in their songs 
similar to those of deafened birds. Because deafening can be caused by 
prolonged exposure to excessively loud sounds’, we used a behavioural test to 
demonstrate that the conditions used in our experiment did not cause deafness. 
Zebra finches respond to sounds by vocalizing. At the beginning and the end of 
the feedback period, we examined differences in the calling probability of two 
of the adaptive protocol birds to the playback of quiet sounds versus no sounds. 
The sounds were a variety of natural stimuli including conspecific calls and 
sounds. Both birds produced significantly more calls during the presentation 
of quiet sounds (P < 0.001, generalized likelihood-ratio test for Bernoulli 
random variables), which indicates that the birds could hear the sounds. 
Syllable-triggered perturbation. Recognition of the target syllable was 
achieved by using a series of IIR filters in conjunction with each other to 
perform a logical operation (for example, power in band X and not in band Y). 
The triggering was based on a small segment of the time-varying spectrum of 
the target syllable which was unique to that syllable. An original copy of the 
crystallized trigger syllable was used as the playback stimulus for the duration 
of the experiment. Typical zebra finch syllables are 80-150 ms in length. The 
triggering resolution was 50 ms, which was short enough to ensure that the 
feedback always overlapped the trigger syllable itself (and, partially, the 
following syllable). The other syllables of the song received no feedback. 
Spectral analysis. We calculated the time-frequency spectrogram for each 
song with a sliding window (5-8 ms) in which each time point consisted of 
the direct multitaper estimate of the power spectrum (with a time-bandwidth 
product NW of 3 or 4) (ref. 13). The data shown in Fig. 2 were analysed in this 
manner. A harmonic analysis was then used to determine the location and 
magnitude of the jumps in the discrete spectrum of each syllable by calculating 
the F-spectrum"™ of each of the multitapered spectral estimates. This analysis 
revealed additional statistically significant harmonic frequencies in the target 
syllable after the feedback was presented to the bird (P < 0.01) (Fig. 3). 
Syllable classification. For each syllable, we extracted the length and a 
number of time-varying parameters (envelope, peak frequency, pitch, good- 
ness-of-pitch and Wiener entropy’) based on the spectral analysis described 
above. A modified K-means clustering algorithm’ was then used to partition 
the syllables produced on a given day into subsets. These subsets were labelled 
by the experimenter (syllable A, syllable B and so on; labelling was done blind to 
the day on which the data were acquired). For each day of data, approximately 
1,000 syllables were analysed. The standard deviations, which are shown as 
error bars in Fig. 4, were obtained by bootstrapping the probability estimates 
from the data’®. 
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Neuronal correlates of 
parametric working memory 
in the prefrontal cortex 
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Humans and monkeys have similar abilities to discriminate the 
difference in frequency between two mechanical vibrations 
applied sequentially to the fingertips’*. A key component of 
this sensory task is that the second stimulus is compared with 
the trace left by the first (base) stimulus, which must involve 
working memory. Where and how is this trace held in the brain? 
This question was investigated by recording from single neurons 
in the prefrontal cortex of monkeys while they performed the 
somatosensory discrimination task. Here we describe neurons in 
the inferior convexity of the prefrontal cortex whose discharge 
rates varied, during the delay period between the two stimuli, as a 
monotonic function of the base stimulus frequency. We describe 
this as ‘monotonic stimulus encoding, and we suggest that the 
result may generalize: monotonic stimulus encoding may be the 
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Figure 1 Discrimination task. a, Sequence of events during discrimination trials. 
The mechanical probe is lowered, indenting the glabrous skin of one digit of the 
hand (PD); the monkey places his free hand on an immovable key (KD); the probe 
oscillates vertically, at the base frequency; after a delay, a second mechanical 
vibration is delivered at the comparison frequency; the monkey releases the key 
(KU) and presses one of two push-buttons (PB) to indicate whether the 
comparison frequency was higher or lower than the base. b, e¢, Stimulus sets 
used during recordings. Each grey box indicates a base frequency/comparison 
frequency stimulus pair used; the number inside the box indicates overall per cent 
correct trials for that base/comparison pair. d, Location of recording sites that 
gave somatosensory working-memory-related responses; CS, central sulcus; 
AS, arcuate sulcus; PS, principal sulcus. 
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The Proliferation of Margins.... 


Felix Guattari 


- Integrated world capitalism does not aim at a systematic and generalized repression of the 
workers, women, youth, minorities. . - The means of production On which it rests will indeed call 
for a flexibility in relationships of production and in social relations, and a minimal capacity to 
adapt to the new forms of Sensibility and to the new types of human relationships which are 
"mutating" here and there (i.e. exploitation by advertising of the "discoveries" of the marginals, 
relative tolerance with regard to the zones of laissez-faire. ...( Under these conditions, a semi- 
tolerated, semi-encouraged, and co-opted protest could well be an intrinsic part of the system. 


- Other forms of protest prove, on the other hand, to be much more dangerous to the extent that they 
threaten the essential relationships on which this system is based (the respect for work, for 
hierarchy, for State power, for the religion of consumption. - .). It is impossible to trace a clear and 
definite boundary between the recuperable marginals and other types of marginalities on the way to 
truly "molecular revolutions." The frontiers actually remain blurred and unstable both in time and in 
space. The real question is whether this phenomenon finally will remain on the Outskirts of society 
- whatever its scope - or whether it will put it radically into question. What characterizes the 
"molecular" here is the fact that the lines of flight merge wifh the objective lines of 
deterritorialization of the system and create an irreversible aspiration for new spaces of liberty. (An 
example of one of these lines of flight: the Free Radios. The technological evolution, in particular 
the miniaturization of transmitters and the fact that they can be "tinkered with" by amateurs, meets a 
collective aspiration for a new means of expression.) 


- Numerous factors must be considered both "Objectively" and on the level of new Social practices, 
in order to appreciate the possibilities for revolutionary transformations during the period to come: 


- Will Integrated world capitalism succeed in founding a social order accepted by the greatest 
number of people and implying an accentuation of social segregation? Capital, in the West as in the 
East, is nothing more than the capital of power, that is, a mode of semiotization, of homogenization, 
and of transmission of various forms of power. (Power Over goods, over territories, power over 
work, over subordinates, the "inferiors," power Over relatives, over the family, etc. . Only the 
appearance of new ways of relating to the world and to society will alter the individual's "libidinal 
fixation" to capital and to its various crystallizations of power. Thia power can prevail only to the 
extent that an Overwhelming majority of individuals not Only participate in it, but also 
unconsciously adhere to it. The reversal of modern capitalism involves not only the struggle against 
material bondage and visible forms of repression, but also, from the Outset, the creation of many 
alternative set-ups. 


- For the last decade battle lines widely different from those which previously characterized the 
traditional workers movement have not ceased to multiply (immigrant workers, skilled workers 
unhappy with the kind of work imposed on them the unemployed, over exploited women, 
ecologists, nationalists, mental patients, homosexuals, the elderly, the young etc ). But will their 
objectives become just another "demand acceptable to the system" or will vectors of molecular 
revolution begin to proliferate behind them (Unlocatable on the dominant coordinates they produce 
their own axes of reference establish underground transversal connections among themselves, and 
thus undermine older relationships to production,society, the family, the body, sex, the cosmos. . 


- Will these micro-revolutions, these profound examinations of the relationships within society only 
remain divided into limited spheres of the social arena? Or will a new "social segmentation" 
manage to connect them without imposing hierarchy and segregation? In short, will all these micro- 


revolutions finally initiate a real revolution? Will they be able to take charge of not only local 
problems, but also administrative larger economic configurations? 


- All this amounts to asking whether we will be able to go beyond the various utopias of "return to" 
Return to the sources, to nature, to transcendence. . . The "Objective" lines of deterritorialization are 
irreversible. We must make the best of "progress" in science and technology, Or nothing will be 
possible, and world capitalism will always regain the upper hand. For instance, it is clear that, in the 
next few years, the struggle for self-determination in Corsica, Britanny, etc., will not cease to gain 
momentum. Isn't this a case of "return to"? But what is at issue here is the promotion of a new 
Corsica, a new Britanny, as well as a new Sarcelles, a new Yvelines. . . Shamelessly rewriting the 
past on the plot of an Open future. The demands of the minorities, for example, as well as those of 
the nationalists, can be carriers of a certain type of State Power, a power of subjugation, that is, a 
capitalist virus. 


- What will be the form of resistance of the more traditional sectors which find themselves squeezed 
by the present evolution of integrated world capitalism? Will the union and the traditional leftist 
parties allow themselves to be manipulated and co-opted indefinitely by modern capitalism, or will 
they undergo profound transformations? 


- It is impossible to predict what forms of struggle and organization the revolution just beginning 
will assume in the future. All answers remain equally open now... 


- They will not be focused on quantitative objectives; they will again put into question the goals of 
work and therefore of leisure time and of culture. They will again put into question the 
environment, daily life, domestic life, male-female and child-adult relationships, the conception of 
time, the meaning of life. 


- They will not be focused solely on the working.induatrial.qualified.white-maleadult classes. (End 
of the myth of the Poutilof factory revolutionaries, 1917.) Production today can in no way be 
identified with heavy industry. It makes use of tool-machines as well as computers, social set ups as 
well as technico-scientific know-how. It is inseparable from the moulding of the work-force, 
beginning with child "labor" from its earliest years. It likewise implies the maintenance, 
reproduction, and formation capsule constituted by the family and its administration, which is in the 
present oppressive conditions, essentially the burden of women... 


- They will not be focused only on an avant-garde party conceived of as the thinking-subject of the 
struggle and the means by which the whole "of mass movements" will be oriented. They will be 
multi-centered. Their different components wilt in no way be required to agree on everything, or to 
speak the same stereotypical language. Contradictions, even irreducible antagonisms, will be 
allowed to co-exist. (For example, the specific point of view of women with regard to the male- 
dominated movements.) Here contradiction does not paralyze action, but proves that a singular 
position, a specific desire, is put in question. 


- They will not be focused on national frameworks. Close to the most quotidien reality, they will 
involve social groups which overflow all national boundaries. Today every perspective of struggle 
formulated only within a national framwork annuls its efficacy in advance. The most reformist as 
well as the most revolutionary parties and splinter groups groupuscule) who specify their objective 
uniquely as the "seizure of State political power" condemn themselves to powerlessness. For 
instance, the solution to the Italian problem does not belong to ther socialists, communists, or 
autonomists! It implies a movement of struggle developing in a minimum of four or five European 
countries. 


- They will not be focused on a single theoretical body. Its different components will each elaborate, 
on their own level, in their own rhythm, their own modes of semiotization in order to define and 
orient their action. Here again we find the withering away of oppositions between productive, 
scientific, and cultural labor, between manual and intellectual labor. 


- They will refuse to separate exchange value, use value and desire value. These separations 
constitute an essential support for power formations closed in upon themselves and forming 
hierarchies upon which capitalism and social segregation are based. 


- Social production, under the control of capitalist and technocratic "elites," is more and more cut 
off from the interests and desires of individuals, and leads: 


- to a systematic over-valorization of industries which compromise the very future of the human 
species (armaments race, nuclear reactions.....) 


- to an under-estimation of the essential use-values (hunger in the world, saving the environment. .) 


- to the flattening Out and repression of desires in their singularity, that is, to the loss of the meaning 
of life. 


Under these conditions, the perspective of revolutionary transformations the collective re- 
appropriation of daily life, and a full acknowledgement of desire's on all levels of society have 
become inseparable. 


Translated by Richard Gardner & Sybil Walker Original scanned from Semiotext(e) 10 Italy (New 
York, 1990) 
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Amonium Polyphosphate 


Element/Compound 


Eu 
K, F, Mg, Mn 


SNMA 


THE AMERICAN RESOURCE 


Mineral Source of Element 


Sulfur, Hemmimorphite, Zincite 
Smithsonite, Franklenite 


Ag, Pyrargyrite, Cerargyrite 

Halite 

Bauxite 

Chalcopyrite, Boronite, Enargite, 
Cuprite, Malachite, Azurite, Chrysocolla, Chalcocite 

Gold 


Alunite, Orthoclase, Nephelite, Leucite, 
Apophullite; Flourite, Cryolite, Vesuvianite; 
Lepidolite: Dolomite, Magnesite, Espomite, 
Spinel, Olivine, Pyrope, Biotite, Talc 


Realgar, Orpiment, Niccolite, Cobalite, Arsenopyrite, 
Tetrahedrite 


Monzanite, Orthite 


Galena, Cerussite, Anglesite, Pyromorphite 
Quartz 


Calcite, Gypsum, Apatite, Aragonite 
Rutile, Ilmenite, Titanite 
Apetite, Pyromorphite, Wavellite 
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Liquid Crystal Display (LCD) Monitors 
Pb - Lead 

Thin Film Transistors 

Ferro Electric Liquid Crystal 

Indium Tin Oxide 


Metal Case 
lron 


Flat Screen Plasma Display Monitors 
Glass 

Pb - Lead 

ZnS - Zinc Sulfide 

Ag - Silver 

Cl - Chlorine 

Al - Aluminum 

Cu - Copper 


Au - Gold 

Y202S - Yittrium Sulfate 

Eu - Euopium 

(KF, MgF2): Mn Potasium-Magnesium Florite: Manganese 


(Zn, Cd) S - Zinc Cadmium Sulfate 
Zn2Si04: Mn, As - ZincSilicate, Manganese, Arsenic 


Gd202S: Tb - Gadolinium Silicate: Tebrium 
Y2Si012: Ce - Yitrium Silicate: Cerium 


Printed Circuit Boards, Computer Chips: 
Silicon 
Cu - Copper 


Au - Gold 

Ag - Silver 
Tin 

Al - Aluminum 


Eu 
K, F, Mg, Mn 


Galena, Cerussite, Anglesite, Pyromorphite 
Quartz 

Hematite 

Cassiterite, 

Sphalerite (Commonly found with Zinc) 


Magnetite, Limonite 


Quartz 
Galena, Cerussite, Anglesite, Pyromorphite 
Sulfur, Hemmimorphite, Zincite, Smithsonite, Franklenite 
Ag, Pyrargyrite, Cerargyrite 
Halite 
Bauxite 
Chalcopyrite, Boronite, Enargite, Cuprite, Malachite, Azurite, 
Chryssocolla, Chalcocite 
Gold 
Euxenite 
Euxenite 
Alunite, Orthoclase, Nephelite, Leucite, 
Apophullite; Flourite, Cryolite, Vesuvianite; 
Lepidolite: Dolomite, Magnesite, Espomite, 
Spinel, Olivine, Pyrope, Biotite, Talc 


Realgar, Orpiment, Niccolite, Cobalite 
Arsenopyrite, Tetrahedrite 


Monzanite, Orthite 


Quartz 

Chalcopyrite, Boronite, Enargite, Cuprite, Malachite, 
Azurite, Chrysocolla, Chalcocite 

Gold 

Ag, Pyrargyrite, Cerargyrite 

Cassiterite 

Bauxite 


There are 66 individual minerals that contribute to the typical computer that are identified above. There are others, in addition to those listed 
above, but it should be evident that without many minerals, there would be no computers, or televisions, for that matter. 


Source: Mine-Engineer.com 
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The art of critique in the age of precarious sensibility 
Written by Claudia Mongini, 18.01.2011 


http://th-rough.eu/writers/mongini-eng/art-critique-age-precarious-sensibility 


Our task is to investigate how ultimately corruption can be forced to cede its control to generation. 
Michael Hardt, Antonio Negri. 
In a lecture hold in 1978, Michel Foucault addresses the question of critique as follows: 


“Critique is the movement by which the subject grasps the right to question truth in 
relation to the power it gives rise to, and power in relation to the discursive creation of 
truth. From this point of view, critique becomes the art of deliberate escape from 
servitude, of reflected non-conformability. In the realm of the game which can be 
described as the politics of truth, critique would thus function as an act of 
desubordination.” 


In the contemporary biopolitical realm we have to face the question if the subject, as well as the 
collective brain, still has the capability to perform the illuministic gesture of cognitively 
extrapolating truth from an intricate dimension of biopolitical power. Would this move still have 
any effect in this late stage of corruption we are traversing? The devastating news of the last weeks 
have painfully brought to light the open surface of decay, the wide wounds tearing apart the 
collective skin. However, what are its invisible capillary mechanisms spreading through the social 
body at a cellular and molecular level? How is it possible to grasp the multiple defragmentations 
which are in act, the imperceptible mechanisms shattering the channels of perception? What are the 
deep cuts dissecting the emotional from the cognitive sphere, which the grids of our cognitive 
understanding are not able to grasp? How can the idea of truth as depicted by Foucault be 
conceived, if our language has been transformed into a frantic self perpetuating machine, void of 
any relation to the field of forces de facto governing our existences? And finally, which are the 
directive trajectories enabling us to experience de-subordination, to bring us back towards an 
empowering state of performative critique? 


This is a complex set of questions which cannot be reached by loud, rational and belligerant 
gestures, but is better addressed through careful, subtle and emphatic processes of mutual encounter. 
By reconnecting sparse fragments of cognitive and emotional material, it might be possible to set in 
action a molecular transformation of the actual, corrupt and reactive state towards new forms of 
generative affirmation. 


That is, more than concentrating our attention on Foucault's conception of truth, the challenge 
would be to think truth with Foucault, that is to undergo, on the basis of our singular and collective 
experiential realm, the process that the philosopher himself has performed. This movement would 
consist into affirming the experience of the self in terms of its symptomatic and transformative 
condition. It would result into an analytical process of crisis and modification, a continuous and 
persistent practice of tearing the (social) body from itself and transforming contemporary sensibility 
in its deep roots. If the present realm is demarcated by complex and multilayered patterns of skizoid 
cuts operating between the perceptual and the cognitive, the organic and the rational, the medium 
and the message, the political question of truth cannot be posed solely in terms of a geneaological 
analysis of its discursive creation. Instead, the generative conditions of truth have to be examined 
by grasping the deepness of the dissections traversing society, by clinically reconnecting scattered 
experiences, sensations, flows and concepts towards a process of collective recomposition. 


I start by outlining a brief and fragmentary attempt. 


1. Diagnosis: blockade of perceptual membranes 


In his novel The Cristal World, James Ballard has provided a strong image of living conditions 
being kept frozen by the voracious assault of an ongoing crystallization. The life of a whole forest is 
immobilized, blocked by sparkles of distorted beauty. Time passes by, while life is immobile. 
Endlessly, without any change. It is only the crystallized surface which is in continuous dreary 
expansion. 


Dragged by a vortex in constant acceleration, contemporary society seems to move to the opposite 
end of the scale than the immobility of Ballard's forest. But this form of hyper-velocity actually 
prevents the creative formation of any idea which is not repetition of the same, the genesis of a 
relation deeper than standardized patterns of communication, the onset of an affect stronger than 
shallow emotions. 


The opposites of zero- and hypervelocity meet up in the collective brain, as a sort of limit point. In 
both cases — the absolute calmness or the ongoing repeated hyperactivity - the 
electroencephalogram registers an average flat pattern of white noise. This is the double side of 
depression. Time floats in in an endless linear way or is capsuled in a vortex of entropic waste. In 
both scenarios any sort of event is made impossible, any possibility of becoming is censured. 


2. Process: tearing apart 


Ballard’s book describes one person who reluctantly experiences the painful process of escaping the 
immobility of the expanding forest. It is Radek, a military colonel who, after having been affected 
by the process of crystallization, gets discovered and dragged into water in the desperate attempt to 
dissolve the crystals which enclose him. A latter glimpse on his status shows his body as 
transfigured, torn, imprisoned in a painful condition between death and life. 


The attempt to dissolve the patina of blockade goes along with a process of beginning to feel the 
bodily holes which the parasitic crystals have produced. Becoming aware of breaches in the inner 
organs, sensing multiple scars on the skin. When the world impinges again onto the nude 
complexion, an aching and fearful estrangement permeates the body. Conglomerations of void fill 
visceral and soul cavities. And while the body experiences disintegration, it craves for an other form 
of shelter, less hard and aggressive than the former impermeable patina. The desire for a soft 
membrane allowing for transpiration, for a tender exchange, starts to penetrate in the capillaries of 
the soul. Novel reconnections emerge in a germinal state. 


3. Re-composition in the collective 


There is no way out in Ballard's book. The crystal forest expands quickly onto a planetary 
dimension. While the physical process grows entropically, human souls become pathologically 
attracted towards the cold stiffness. How is it then possible to escape the inevitable, if the entropic 
forces of destruction are not only propagating in nature, but occupy remote psychic corners as well? 


The disintegration of the sharp and angular envelope delimiting the borders of the body, has left 
loose molecules. Open valencies which are not anymore fitting within the organic structure of a pre- 
constituted and pre-determined anatomy. Material fragments in search of new patterns of 
aggregation. Synapses getting shaped outside of standardized patterns, in the empty leftover space. 
Extension which cannot be grasped by the common dispositives of solidification and 
standardization. 


It is in the abandoned realm of nowhere, that sudden flashes of now-here, aggregations of an other 
form of life, are capable to appear. 


Back to the question: What is critique? 


There is a subtle force traversing the scattered language void of emotional content, the fragmented 
feelings which, detached from the cognitive headquarters, are virally spreading all over. It is the 
ability to generate new energetic patterns, produce micro aggregates of emotional matter which 
haven't existed before. No voice is arising from there yet, but a different way of collective feeling is 
getting constituted. Novel gestures, different perceptions of otherness. It is in this altered affective 
plane, that broken fragments of a new language are formed. It is through such a development that 
escape from servitude might be experienced. It is there where an other kind of truth, a truth from the 
outside, can be finally spoken out, firmly and affirmatively. A truth whose generative force does not 
lie in discourse, but into a reconfiguration of the deep spheres of organic matter and collective 
sensibility. 


Notes 
[1] Michel Foucault, “Was ist Kritik?” Berlin: Merve 1992, 15 (my translation) 


[2] See Michel Foucault, “Remarks on Marx, Conversations with Duccio Trombadori”. Translated 
by J. Goldstein and J. Cascaito, New York: Semiotext(e) 1991, 27- 42. 


Advanced technology 


Flexible thin-film transistors 
stretch performance, shrink cost 


Ability to deposit insulated-gate field effect transistors 
on a variety of substrates promises continuous manufacturing 


process with high yields, and new applications 


By Peter Brody and Derrick Page 


Westinghouse Research Laboratories, Pittsburgh, Pa. 


Continuous batch processing, higher powers, and 
lower costs are in the offing for thin-film transistors. 
The secret’s in that oft-neglected design variable— 
the substrate. Until now, comparatively rough sub- 
strates have been ruled out for insulated-gate field 
effect transistors. Instead, it’s been customary to 
use brittle substrates—such as glass, sapphire, 
alumina, or quartz—and polish them before deposi- 
tion. Those constraints may be eliminated by a 
Westinghouse Research Laboratories }.rocess that 
has been successfully used to fabricate thin-film 
transistors on a wide variety of flexible substrates, 
including Mylar tapes, cellulose acetate film, pol- 
yimides, anodized metal foils, and even rough- 
textured paper. 

The primary advantage is the ability to prepare 
transistors by a quasi-continuous process in which 
a roll of substrate material winds through a vacuum- 
enclosed printer. Inside the vacuum chamber the 
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roll pauses for several minutes while the various 
transistor layers are deposited, then moves to the 
next “frame”. To date, two types of masks have 
been used, one to deposit 100 transistors, the other 
to deposit 658, each on one-inch-square areas. 

Since capacitors, resistors, and interconnections 
can readily by prepared by the same techniques, the 
Westinghouse development should permit the con- 
tinuous fabrication of integrated circuits on flexible 
substrates as well as testing and “encapsulation” 
without breaking vacuum. Because atmosphere con- 
taminants could be kept out and successive process 
steps held to a maximum of 8 and 10 depositions, 
expectations are of very high yields, perhaps 
approaching 100%. 

By opening up a greater variety of substrates, 
the process makes it possible to use materials with 
better heat conducting properties. For example, a 
tellurium transistor fabricated on an anodized 
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Colorful amplifiers. Red substrate contains array of 100 thin-film transistors; green substrate has 658, Both 
types of masks are positioned between pins of the supply spool, which is placed in a vacuum chamber. 


aluminum substrate dissipated a watt of power. 
Since the device’s channel dimensions were 0.5 by 
30 mils it handled power densities greater than 60 
kilowatts per square inch. 

Another advantage is the ability to use inexpen- 
sive bases for transistors in many applications 
where cost is now prohibitive—in toys, novelties, 
hobby kits, and teaching aids, to name a few. Pro- 
vided high powers, frequencies, and temperatures 
aren’t called for, such devices could be deposited 
on paper. 
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Results achieved with flexible transistors: 
=» gm = 6000 umhos at 4 ma 


go 
mag 60 Mhz 


Source-drain voltage > 200 v 
Over 1,000 hrs drift-free operation 


1 watt dissipated in small device 
on aluminum foil 


Operation up to 150°C 
Transistors can be flexed and cut 


Cut down to size 


Success of the process stems from the fact that 
both smooth and rough substrates present surfaces 
comparable to thin films on an atomic scale. Sur- 
face irregularities which really matter are about 50 
to 100 angstroms across, usually. The roughness 
of the new substrates, visible under a light micro- 
scope, appears to a thin film as a gentle undulation. 

However, with very rough substrates, such as 
fibrous paper, it’s advantageous to first deposit a 
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Continuous. Without breaking the vacuum, transistors 
can be made on a variety of substrates wound on spools. 


Ace card. Deposited on the surface are 100 transistors. 


layer of glassy material about a fraction of a micron 
thick before fabricating the transistors. 

Initial efforts were made with small squares of 
paper as substrates. Early transistors on these bases 
were placed in breadboard circuits to make an 
8-Mhz oscillator. Researchers found that the thin- 
film transistors could be bent repeatedly into radii 
as small as 1/16 of an inch without changing oper- 
ating characteristics. And they also discovered that 
the transistors could be cut in two so that each half 
still continued to function. 

Like other thin-film transistors, the Westinghouse 
devices have low resistance contacts at the source 
and drain and a metal gate electrode separated 
from the semiconductor by an insulator. All but a 
few devices so far have been fabricated with tel- 
lurium, a p-type semiconductor. And most are oper- 
ated in the enhancement mode so that when the 


102 


insulator gate is positively biased there is virtually 
no current flowing from source to drain. In fact, 
leakage currents for a typical 40-mil-wide tellurium 
transistor are a few microamps, and below a micro- 
amp for cadmium selenide transistors. 

Many of these devices performed stably for over 
1,000 hours and did not suffer from drift although 
the gate insulator was fabricated with silicon 
monoxide. This material has plagued thin-film 
transistor designers because it can trap electrons 
or positive ions, and produce changes in threshold 
voltage with time. Westinghouse is also investi- 
gating other types of gate insulators. 

Gain bandwidth products as high as 60 mega- 
hertz have been achieved with these devices. This 
figure is arrived at by dividing transconductance by 
input capacitance. It’s expected that the tellurium 
transistors will eventually have gain bandwidth 
products of 200 to 250 Mhz. 

In the 100-transistor array there are 10 rows 
of 10 transistors whose channel widths are all the 
same, 40 mils, but whose lengths range from 10 
mils to .4 mil, (10 microns). 

The best transconductance obtained with a 10- 
micron-long transistor was 6,000 micromhos at 4 
milliamps drain current. Other transistors have 
been built, which are capable of sustaining source- 
drain voltages of over 200 volts. The transistors 
will operate at up to 150°C ambient temperature. 
The gm’s of comparable devices don’t vary by more 
than 20%, an encouraging figure for these early 
experimental versions, considering that a gm 
spread by a factor of 2:1 is considered acceptable in 
a production run. 


Cooling off 


Like conventional thin film transistors, these 
flexible devices can’t handle as much power nor 
operate at as high frequencies as large area bipolar 
transistors. The power handling is limited by the 
small cross-section available for current in field 
effect devices. This raises the impedance. For the 
best power-frequency capability, the transistor 
should operate at low impedance level. 

However, fabricating these devices on substrates 
that dissipate heat better than the traditional glass 
substrates increases their power handling capability 
and may affect performance in other ways, for 
example, it may raise their cut-off frequency. It is 
likely that some of the instabilities associated with 
conventional thin-film transistors arise from the 
excessive heat developed in the active region. 
Hopes are to get about a watt and a half audio out- 
put by either paralleling the thin-film transistors or 
by fabricating a larger device. And eventually 10 
to 15 watts at audio frequencies are expected. 

Various circuits, including cascade amplifiers, 
down converters, and oscillators, have been built 
with paper-based transistors. These have been 
passivated with silicon monoxide and then operated 
satisfactorily without being encapsulated. 

Work has begun on an integrated circuit audio 
amplifier and a simple I-C logic gate. Resolution 
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On-line testing. After a frame of 658 tellurium transistors is deposited on this Mylar substrate, test probes in the 
vacuum chamber contact the devices’ three terminals as a check on fabrication. 


Source-drain characteristics. For a half-watt device, 
results are shown on a scale measured by 2 milliamps/ 
Jivision vertically and 5 volts/division horizontally. 


Waveform. The performance of 4-Mhz oscillator circuit 
containing a paper transistor is shown with a 
peak-to-peak output of 1.4 volts 
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limits of the Westinghouse process are similar to 
those of silicon technology. For example, engineers 
have consistently aligned a 10 micron gate region 
over a 10 micron source-drain gap with one micron 
accuracy. An accuracy of 2 microns is typical for 
commercial silicon devices 

Thus it is possible to pack thousands of thin-film 
transistors and passive components in a small area 
However, this will probably be the exception rather 
than the rule with devices deposited on flexible 
substrates. The potential saving from inexpensive 
substrates and continuous fabrication will enable 
designers to use larger areas, thereby avoiding the 
expense of high density and high resolution masks. 
Typical channel lengths of the transistors will 
probably be 5 to 10 microns and widths will range 
up to several tens of mils. 


Not ready to market 


Although the “flexible” transistor looks very 
promising, it is still in the early stages of develop- 
ment and won't be available commercially for 
several years. For while the performance is gen- 
erally comparable with silicon metal-oxide-semi- 
conductor devices, leakage currents tend to be 
larger and turn-on voltages vary over a wider range 
than that achieved in silicon technology. Better 
gate insulators and improved control of the semi- 
conductor-insulator interface properties are some 
of the improvements that must be made. It’s likely 
that the Westinghouse thin-film transistors will 
eventually supplement silicon integrated-circuit 
technology by being fabricated on unusual sub- 
strates and in systems where flexibility or coverage 
of large areas are advantages. 
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CHAPTER XI 
CRYSTALS 


Iw the carly days of Broadcasting, “Crystal” receivers were 
very popular with the general public on account of their 
comparative cheapness and ease of construction. 

As a matter of fact a crystal receiver is the most simple 
form of wireless receiving apparatus, and, although having 
a limited range, is hard to beat from the point of view of 
punty of reprecluclion. 

A crystal detector consists of the familiar piece of crystal 
and a wire contact, commonly known as a “‘cat’s whisker.” 
The ‘cat’s whisker” is sometimes omitted, and two crystals 
are used with very good results, The main defect of a piece 
of wire as a comtact ts its mstalihty. Everyone who has 
used a. cat's whisker for Hstening knows how often it is neceg- 
sary to readjust this timy wire, which will lose its contact at 
the slightest provocation, even when somebody walks across 
the room. 

The two-crystal combination is much more stable, pro- 
vided thet the crystal holder is of good design. 

[t was discovered some years ago that, if certain nattral 
minerals are placed in a circuit carrying an electric current, 
the current will pass in one dircclion only. If a voltage is 
applicel in such a way as to make the current. flow im the 
reverse direction, the mineral or the “erystal” will offer such 
a resistance that the resultant current will be negligible, 

The property of allowing an electrical current to flow in 
one dircelion only is known as yveefification, and the crystal 
therefore is referred to as a “rectifier” or detector (of 
‘wineless ** stenals). 

There exists a great diversity of opinion as tc the nature 
of the rectifying property of crystals, but this lack of definite 
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knowledge docs not preclide us from using crystals for the 
purpose of * wireless “ reception, 

Some of the crystals are, so ta say, bor rectifiers, and 
will rectify on their own without any additional battcrics, 
but others will do their work best if they have a small polar- 
ising battery fi series, 

Por the keen experimenter, crystals offer an enormous field 
for original research, because their real properties are very 
little known as yet, and there is a good deal that requires 
clearing up. 


Natural and Commerctal Crystats. 

A Japanese scientist, Mr. Wichi Toricata, in his pape, 
“Commercial Wireless Telegraphy in Japan," published in 
the Elecirician on the r6th of September, 1910, gives the 
following table of detectors: 


1. Oves guile sensitive with perfect contact. 


Oaddes Suipiddes 
Zlncite (b) Simple Suiphides 
Tenorite or Mclaconite Molybdenite 
Cassiterite Galena 
Anatase Zing biende 
Arkansite Chalkasite 
Pyrolusite [ron pytites 
Wad Pyrthotine 
Comples Oxides Complex Salphudes 
Micacious Magyagite 
Iimenite, iserine, hystatite Tennantite 
Marnectite Enargiic 
Psilomelane Bowlanecrite 
schuta lite 
(c) Metallic combinations 

Lolingite 

Meteorite 

Smaltite 


2, Ores sensative with ght contact. 
(a) Suiphides (b) Metalic combinations 
sunple sulphides Niccolite 
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Marcasite or kyrosite Domeykite 

Covelline otrutterudite 
Allemontite 

Compiex sulphides Tridosrnine 

Siegenite 

Closer: pili (c} Graphite 

Cobaltine Arsenic 

Ullmanite 

Bornite 

Sylvanite 

Arsenic pyrites 


Nearly all the ores with good conductivity can be used for 
rectifying purposes, but some of them require a very slight 
contact and delicate adjustment, and are not practicable. 
The action of mineral detectors seems to depend upon the 
chemical and physical properties of the ores, and also upon 
the conditions of the contacts, but net wpon the crystalline 
structure and axis of the ores, 

Dr. W. H. Eccles gives the following crystals as being 
suitable for “ wircless " work: 


(1) Elementary substences (2) Natural sulphides 
‘Pp 


silicon Galena (Lead sulphide) 
Boron Irom puytites 
Graphite and metals Chalcopyrite 
Tellurium Bormite 
Arsenic Molybdenite 
(3) Natural oxudes 

Alncite 

Brookite 

Tserine 

Psilomeclane 

Cuprite 

Cerussite 


Also: Smaltine, chalencite, inserite. 

There are many commercial combinations, but we shall 
discuss the most successful ones, actually used by prominent 
manufacturers in this and other countries. 
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Mr. Phitp R. Coursey, in his book, “ Felephony Without 
Wires,” gives the following combinations a3 most suitable for 
wireless " telephony, ie. Broadcasting: 


Perikon (zincite-chalcopyrite) 
Carborundum-Steel 
Zincite-Tellurtum 
eiltcon-Stecl 
Molybdenite-Copper 
Galcna-Graphite, 


He also states that of these the carborundum-steel, perikon 
and wincite-tellurinm combinations are usually the most 
stable, and Ivast liable ta disturbance by either vibrations 
or atmospherics, 

The carhorundum-steel detector requires an additional 
polarising voHage of about one volt, 

The perikon and zincite-tellurium require no batteries, 

Now icl us consider the properties of the best known 
crystals, 

Carborundswm. This is a product of combination of salt, 
atid, suwdust and coke fused at a temperature of about 
1,000 degree: Fahrenheit in an electric famace. At low 
temperature, carborundum has a yery high electrical resist- 
ance, which, however, deeréases rapidly under heat. A 
polarising battery of 1-25 volts is sometimes used. 

Galena-graphite. A detector of medium sensitivencss but 
reliable and insensitive to mechanical vibrations, 

Anaiase. ‘This is an octahedral crystal of oxide of titanium 
with the chemical formula TiO, and was found to rectify 
quite markedly, Anatase gives much larger currents with 
a small applied voltage than does carborundum, and is 
therefore a much more sensitive detector. 

Brooke. This is another crystal form of TiO, which was 
found to serve as a reetifier of stall alternating currents, 
with about the same scnsitiveness as anatase, 

Molyédenite, This mineral (MoS,) occurs in nature in the 
form of tubular hexagonal prisms, the clenvage resembling 
that of mica, The sheets have a metallic lustre, and can be 
readily electro-plated with copper, so that connecting wires 
may be soldered to them. 
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Silftvean, Silicon is highly sensitive in its pure state, but 
the commercial silicom contains a certain amount of metailic 
calcium, and as this metal is quickly attacked by air a film 
of calcrum hydroid sown covers the siieon surface, and then 
praclically all detector action ceases. 

“Pertton.” The Pertkon detector is a combination of 
zine oxide (Zno) and copper pyrites (CuleS,), It is twice 
as sensitive und more easily adjusted than the silicon detector, 

Chatcapyrite and Zinctle. These two crystals, used as a 
detector, require a polarising battery, but considerable rectifi- 
calsois aay be obtained without it. This combination is 
desirable for use where adjustments may be frequent, due 
ta vibrations or similar disturbances which may be present 
as im the case of portable receiving equipment. 

Cerusiia (American trade mame). Cerusite is a better 
rectifer than e¢arborundum. No polarising battery is 
required. 

Zinctte, Ked oxide of ainc. Zincite and brass point con- 
tact form a reliable and sensitive detector. 

Teilyriaan-A hemtatim, Petertum-Siicon, These are 
stillive dotectars with or without polarising batteries, 


The Good Polats of a Detector. 


lt is rather a difficult matter to judge the comparative 
sensitiveness of two detectors because many factors have to 
be taken into consmteration, and the tests carried out under 
exactly the same conditions, but the following are the general 
properties which a good crystal detector must possess: 

(a) It should be mechanically strong and well constructed. 
This means that it should be able to hold its adjustment and 
not be casihy disturbed. 

(b) The crystals should be sensitive, that is, should possess 
food rectifying properties, if their setling is properly adjusted, 
Too gteat a2 sensitivity is not desirable, as satisfactory adjust- 
ment is usually obtained with difficulty, Also it may be 
difficult to retain the sensitive adjustment. 

(c) The crystal should be easily adjusted. It is a distinct 
disadvantage 1f any marked difficulty is found in adjusting 
the settme for good receplion, as valuable time may be lost 
In Wiis wo if a signal is coming in and the detector is not 
operating preveriy, 
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(a) The crystal should possess self-protecting characteris- 
tics, to prevent itself from being burnt out and the setting 
destroyed if abnormally powerful radiations are receiveil, 
such as. atmospheric disturbances. 

Ordinarily all points on a erystal are not equally scnsitive, 
and it 1s neccessary to adjust for maximum sensitivity, ‘The 
adjustment of the detector can be made either while recelvinny 
signals or befure actual reeeplion, by exciting the receiving 
set by means of weak local oscillations from a buzzer. 


Crystal Cfretdlts, 

Crystal circuits are yery simple, and the following few 
examples will enable you to understand how a crystal set 
ig put together, 


telephone cos 


termined 
=" 
a b 
varnomebr 
c . a 
= 
g 


144 Wireless, The Modern 


A crystal circuit means simply a crystal holder and a pair 
of telephone terminals across a tuner. 

In the above circuit you will notice that the only differ- 
ence between these circuits is the method of tuning. 

a uses a slider coil, ) a tapped coil, ¢ a variotneter, @ 
a coil in parallel wilh a condenser. ¢ is a loosely coupled 
aerial rather interesting from the experimental point of 
view, 

The values of the variable condensers and the right 
coils can be casily chosen with the help of a manufacturer's 
table. 

The types @ and 6 are not recommended unless they are 
used from a purely experimental point of view. The slider 
coil and the tapped inductances have a so-called “dead end’ 
effect. This means that part of the coil is not being used 
for receplion, and energy is being wasted at that “dead end.” 

The variometer type is pretty efficient, but it is preferable 
to start with a coil-condenscr tuner, as it makes it so easy 
to convert this cryslal set into a valve set later on. Please 
note that the telephones should always be connecicd between 
the crystal and the earth. 

Try out all sorts of crystals for reception, and see if you 
can fnd some new combination or some new material that 
will give better results than the known crystals. 

As regards the crystals that require 
a polarising battery, W. Green- 
wood, B.S. (Eng), A:-M.LE.E., 
A.C.G.L, in his text-book IMéreless 
Telegraphy and Telephony—Univer- 
sity Tutorial Press (5s. 6d.}, gives 
the following diagram of connec- 
tions. (Fig. &r.} 

You will notice that the poten- 
tiometer (a variable resistance) is 
wired in such a way as to offer either a positive or 
a negative potential. 

Why not start experimenting with crystals straight away? 
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Quantum Entanglements and 
Hauntological Relations of Inheritance: 
Dis/continuities, SpaceTime Enfoldings, 
and Justice-to-Come 


Karen Barad 


Abstract 


How much of philosophical, scientific, and political thought is caught 
up with the idea of continuity? What if it were otherwise? This 
paper experiments with the disruption of continuity. The reader is 
invited to participate in a performance of spacetime (re)configurings 
that are more akin to how electrons experience the world than any 
journey narrated though rhetorical forms that presume actors move 
along trajectories across a stage of spacetime (often called history). The 
electron is here invoked as our host, an interesting body to inhabit 
(not in order to inspire contemplation of flat-footed analogies between 
‘macro’ and ‘micro’ worlds, concepts that already presume a given 
spatial scale), but a way of thinking with and through dis/continuity—a 
dis/orienting experience of the dis/jointedness of time and space, 
entanglements of here and there, now and then, that is, a ghostly sense 
of dis/continuity, a quantum dis/continuity. There is no overarching 
sense of temporality, of continuity, in place. Each scene diffracts various 
temporalities within and across the field of spacetimemattering. Scenes 
never rest, but are reconfigured within, dispersed across, and threaded 
through one another. The hope is that what comes across in this 
dis/jointed movement is a felt sense of différance, of intra-activity, of 
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agential separability — differentiatings that cut together/apart — that is the 
hauntological nature of quantum entanglements. 


If I am getting ready to speak at length about ghosts, 
inheritance, and generations, generations of ghosts, 
which is to say about certain others who are not present, 
nor presently living, either to us, in us, or outside us, 

it is in the name of justice.... It is necessary 

to speak of the ghost, indeed to the ghost and with it. 


—Derrida (1994, xix) 


As in Hamlet, the Prince of a rotten State, everything 
begins by the apparition of a specter. 


—Derrida (1994, 4) 


Act 1. Scene 1. Visitations: Elsinore by Way of Copenhagen 


SpaceTime Coordinates: Elsinore, by way of Copenhagen. 1941 [a 
mysterious and risky visit by German physicist Werner Heisenberg 
(Nobel laureate, inventor of quantum uncertainty, head of the German 
bomb project under the Nazis) to Danish physicist Niels Bohr (Nobel 
laureate, inventor of quantum indeterminacy, founder and director of 
the famous physics institute in Copenhagen, Jewish by ancestry) in Nazi- 
occupied Denmark at the height of Nazi domination during WWII]/ 
diffracted through 1998 [Michael Frayn’s Tony Award-winning play 
Copenhagen; a ghostly play about science, politics, ethics, responsibility, 
and uncertainty]/ diffracted through 1927 [key year in the development 
of quantum physics]/ diffracted through 1945 [August 6: U.S. drops 
atom bomb on Hiroshima; August 9: U.S. drops atom bomb on 
Nagasaki]/ the darkness inside the human soul... 


On the dark stage, under a very dim light, the ghosts, dressed in grey, 
business-like attire, keep playing out the events of one night in 1941 when 
Heisenberg, then working for his home country of Germany, visited Niels 
Bohr, who was living in occupied Denmark.... Like the ghost, foretold by 
the opening question of Hamlet, [the ghostly reiterative (re)enactments of | 
Heisenberg’s visit [mark] the spectral voice of justice. (Hennessey 2008) 


Margrethe. But why? 
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Bohr. You’re still thinking about it? 
Margarethe. Why did he come to Copenhagen? 
Bohr. Does it matter, my love, now we’re all three of us dead and gone? 


Margrethe. Some questions remain long after their owners have died. 
Lingering like ghosts. Looking for the answers they never found in life. 


Heisenberg You remember Elsinore? The darkness inside the human soul... ? 


Bohr. And out we go. Out under the autumn trees. Through the blacked out 
streets. 

Heisenberg. Now there’s no one in the world except Bohr and the invisible 
other. Who is he, this all-enveloping presence in the darkness? 


Margrethe. The flying particle wanders the darkness, no one knows where. 
It’s here, it’s there, it’s everywhere and nowhere. 


Bohr. With careful casualness he begins to ask the question he’s prepared. 


Heisenberg. Does one as a physicist have the moral right to work on the 
practical exploitation of atomic energy? 


Margrethe. The great collision. 
(Frayn 2000, 3; 87-88) 


An explosive end to the great friendship of two of the twentieth-century’s 
greatest scientists, Werner Heisenberg and Niels Bohr, authors of the 
‘Copenhagen interpretation’ of quantum physics. Why did Heisenberg 
go to Copenhagen, in the midst of the war to see his old friend Niels 
Bohr? Did Heisenberg hope to find out what Bohr knew about the Allied 
bomb project? Did he come to warn Bohr about the German bomb 
project to reassure him that he was doing everything in his power to 
stall it? Did he want to see if he could persuade Bohr to take advantage 
of their status as authorities on atomic physics to convince the Axis and 
Allied powers to abandon their efforts to build atomic weapons? Did he 
hope to gain some important insight from his mentor about physics, or 
ethics, or the relationship between the two? 

Speculation. Specularity. Spectrality. 

Science and justice, matter and meaning are not separate elements that 
intersect now and again. They are inextricably fused together, and no 
event, no matter how energetic, can tear them asunder. They cannot 
be dissociated, not by chemical processing, or centrifuge, or nuclear 
blast. 

‘Does one as a physicist have the moral right to work on the practical 
exploitation of atomic energy?’ Heisenberg’s haunting question to Bohr 
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hangs in the air throughout Copenhagen (Frayn 2000), enfolded into 
the making of spacetime, its reverberations returning again, for the first 
time. 


Act 1. Scene 1. Diffracting Events, Entanglements, 
Ghostly Matters 


SpaceTime Coordinates: Reiteration/ Reconfiguration/ Returning for 
the first time, again / 1941 [Copenhagen] / diffracted through 1998 
[Copenhagen] / diffracted through 1927 [Copenhagen, Niels Bohr 
Institute: a monumental year in the development of quantum physics; 
major disagreements emerge between Bohr and Heisenberg concerning 
the interpretation of quantum physics] / diffracted through 1990’s 
[diffraction experiments —gedanken experiments (thought experiments, 
laboratories of the mind) made flesh—quantum erasers, quantum 
entanglements, and possibilities for changing the past] / diffracted 
through 2007 [Meeting the Universe Halfway: meditation on 
quantum physics; entanglements of matter and meaning; diffraction 
as synecdoche of entangled phenomenon, intra-active meta/physics, 
différance; diffraction as methodology: reading texts intra-actively 
through one another, enacting new patterns of engagement, attending 
to how exclusions matter] / diffracted through 1994 [Specters of 
Marx] / diffracted through 1600 [Hamlet] / diffracted through 
1848 [Communist Manifesto, materialism] / diffracted through 1687 
[Newton’s Principia, classical understandings of matter and the void, 
Aethers, Spirits] / diffracted through 2060 [Newton’s prediction for 
the end of time, derived not from his deterministic laws of physics, 
but from biblical prophesising, calculation, anti-speculative speculating, 
a speculation to end all speculations] / diffracted through 1703 
[Newton’s Opticks, spectrality] / diffracted through 1912 [Bohr’s Nobel 
Prize winning explanation of atomic spectra, origins undone, queer 
causality, spectrality] / diffracted through 1935 [Schrédinger’s cat—a 
feline entangled with a radioactive atom is in a superposition state of 
alive and dead... still?] / diffracted through 1945 [dropping of atomic 
bombs on Hiroshima and Nagasaki; cities populated with the living 
dead; a ghostly/ghastly scene; hauntings] /... / war time / science time / 
spacetime / imaginary time / mythic time / story time / inherited time / 
a time to be born / a time to die / out of time / short on time / 
experimental time / now / before / to-come /... threaded through one 
another, knotted, spliced, fractured, each moment a hologram, but never 
whole... Time is out of joint, off its hinges, spooked. 
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This ‘beginning’, like all beginnings, is always already threaded 
through with anticipation of where it is going but will never simply reach 
and of a past that has yet to come. It is not merely that the future and 
the past are not ‘there’ and never sit still, but that the present is not 
simply here-now. Multiply heterogeneous iterations all: past, present, 
and future, not in a relation of linear unfolding, but threaded through 
one another in a nonlinear enfolding of spacetimemattering, a topology 
that defies any suggestion of a smooth continuous manifold. 

Time is out of joint. Dispersed. Diffracted. Time is diffracted through 
itself. 

It is not only the nature of time in its disjointedness that is at stake, but 
also disjointedness itself. Indeed, the nature of ‘dis’ and ‘jointedness’, of 
discontinuity and continuity, of difference and entanglement, and their 
im/possible interrelationships are at issue. 

This paper is about joins and disjoins—cutting together/apart—not 
separate consecutive activities, but a single event that is not one. Intra- 
action, not interaction.! 

Center stage: the relationship of continuity and discontinuity, not one 
of negative opposition, but of im/possibilities. 

An experiment. I’ve attempted to write this paper in a way that 
disrupts the conventions of historical narrative forms that underlie 
stories of scientific progress: tales of the continuous accretion and 
refinement of scientific knowledge over the course of history, sagas of 
progress from an earlier time period to a later one punctuated with 
discoveries that lead the way out of the swamp of ignorance and 
uncertainty to the bedrock of solid and certain knowledge. In an effort 
to disrupt this kind of narrative (and not only this), I aim to provide 
the reader with an opportunity to engage in an imaginative journey that 
is akin to how electrons experience the world: that is, a dis/orienting 
experience of the dis/jointedness of time and space, entanglements 
of here and there, now and then, a ghostly sense of dis/continuity, 
a quantum dis/continuity, which is neither fully discontinuous with 
continuity or even fully continuous with discontinuity, and in any case, 
surely not one with itself. There is no overarching sense of temporality, 
of continuity, in place. The position and time of the reader is not 
assumed to be contemporaneous with here-now. The scenes are neither 
discontinuous nor continuous with one another (or themselves). (They 
are not wholly separate, nor parts of a whole.) There is no smooth 
temporal (or spatial) topology connecting beginning and end. Each scene 
diffracts various temporalities, iteratively differentiating and entangling, 
within and across, the field of spacetimemattering. Scenes never rest but 
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are reconfigured within and are dispersed across and threaded through 
one another. Multiple entanglements, differences cutting through and 
re-splicing one another. The reader should feel free to jump from 
any scene to another (is there any other way to proceed?) and still 
have a sense of connectivity through the traces of variously entangled 
threads and of the (re)workings of mutual constitution and unending 
iterative reconfigurings (of sections, reader, writer, ideas,...). My hope 
is that what comes across in this dis/jointed movement is a felt sense 
of différance, of intra-activity, of agential separability — differentiatings 
that cut together/apart—that is the hauntological nature of quantum 
entanglements.’ 


Act Eqim. Scene Eyym’. Quantum Spectrality: ‘Fits, Passions and 
Paroxysms’ 


SpaceTime Coordinates: indeterminate, untimely. 
Center stage: change, movement, causal forces, fits, paroxysms, and 
paradoxes. 


Enter the ghost, exit the ghost, re-enter the ghost. (From Hamlet, quoted in 
Derrida 1994, xx) 

I find the idea quite intolerable that an electron exposed to radiation should 
choose of its own free will, not only its moment to jump off, but also its 
direction. In that case, I would rather be a cobbler, or even an employee in 
a gaming house, than a physicist. (Albert Einstein, quoted in Shapiro and 
Epstein 2006, 228) 


Particles are given to fits, to paroxysms, to spasmodic bouts of e-motion 
or activity. According to classical physics, mechanical forces alone move 
particles, or so it has been said.? What queer quantum attribution, what 
strange agency, do we have here? What is this talk of fits, passions, and 
paroxysms of inanimate entities? Passion-at-a-distance no less?* 

There seemed to be something queer about the quantum from the 
beginning. Or rather, it became evident from the start that the quantum 
causes trouble for the very notion of ‘from the beginning’. 

1912: Niels Bohr proposes the first quantum model of matter (i.e, the 
atom). 

Bohr’s inheritance: The planetary model of the model of the 
atom-—electrons orbiting the nucleus like planets orbit the sun. A debt 
he owes to his teacher Ernst Rutherford. The planetary model has 
drawbacks: an orbiting electron would continuously radiate away its 
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energy, giving off a continuous spectrum of light while it quickly spirals 
into the nucleus. Atoms wouldn’t be stable. No small matter. 

Other inheritances: In 1900, Planck proposes the quantisation of 
energy. Energy is exchanged in discrete packets, not continuously. In 
1905, Einstein proposes that light itself is quantised. He wins the Nobel 
Prize for his ‘crazy idea’ of the photon (light quantum), not for relativity. 

Bohr’s idea: The nucleus remains at the atom’s center, but electrons 
don’t orbit the nucleus (pace Rutherford). Rather, each electron resides 
in one of a finite set of discrete/quantised energy levels, and atoms only 
emit photons when their electrons ‘jump’ from one level to another. 
In particular, when an electron jumps from a higher energy state to a 
lower one it emits a photon whose colour/frequency is determined by 
the size of the jump, i.e., the change in energy. In this way, there is no 
continuous draining away of the electron’s energy and no continuous 
spectrum of light emitted. Hence, atoms are stable and each kind of 
atom (of the more than 100 kinds listed in the periodic table) emits a 
unique discrete ‘line spectrum’. The hydrogen atom, for example, emits 
only four primary lines: red, light blue, dark blue, and violet. 

The model’s predictions match the experimental results for hydrogen! 
The calculation works. A Nobel Prize is awarded to Bohr. Atoms—the 
uncuttable ones — have parts after all (pace Democritus), but at least now 
matter is stable, again. 

A tidy little mechanism? A simple causal explanation for the existence 
of matter that accounts for its spectral qualities. Nice. But not so fast... 

Specters abound. The very process by which a single line in the atomic 
spectrum is produced is spooked. Each spectral line is the result of an 
electron making a quantum leap from a higher energy level to a lower 
energy level. But what precisely is the nature of this ‘leap’? 

Quantum signifies the ‘smallest possible, and therefore indivisible, 
unit of a given quantity or quantifiable phenomenon’ (Wiktionary). It is 
a measure of the discreteness of nature. Unlike any ordinary experience 
of jumping or leaping, when an electron makes a quantum leap it does so 
in a discontinuous fashion (belying the very notion of a ‘leap’, classically 
and colloquially speaking). In particular, the electron is initially at one 
energy level and then it is at another without having been anywhere in 
between. Talk about ghostly matters! A quantum leap is a dis/continuous 
movement, and not just any discontinuous movement, but a particularly 
queer kind that troubles the very dichotomy between discontinuity and 
continuity. Indeed, quantum dis/continuity troubles the very notion 
of dicho-tomy—the cutting into two-itself (including the notion of 
‘itself?!), All this ‘quantum weirdness’ (the display of an increasing 
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array of uncanny phenomena) is actually ‘quantum queerness,’ and 
I don’t mean simply strange. Q is for queer—the un/doing of identity. 
Quantum dis/continuity is at the crux of this im/possible, im/passible, 
trans/formation. 

A closer examination brings the spectral quality of this process to 
light. Initially, the electron is in some higher energy state E,, and then 
in some lower energy state E,;. At what point is the photon emitted? On 
Rutherford’s classical physics account, an atomic electron can have a 
continuous range of energy values, changing its orbit continuously in 
time: as the electron circles around the nucleus it continuously loses 
energy as it spirals inwards all the while continuously emitting light. 
(The colour or frequency of the light changes with changes in electron 
energy). By contrast, on Bohr’s quantum account, an atomic electron 
can only occupy a discrete set of energy levels, and light is emitted 
in a small packet, that is, all at once as a photon of the appropriate 
colour/frequency to match the energy change. That is, the leap of the 
electron and the corresponding emission of the photon must happen at 
some moment in time (in order for energy to be conserved at all times). 
But there’s the rub! On close examination one sees that the situation is 
quite spectacular. When the electron is in a given energy state, either 
E,; or E:, it can’t emit a photon because there is no energy change 
involved and so there is no energy to make a photon. The photon is 
a result of the leap itself. But at what point during this leap is the photon 
emitted? Well, the emission of the photon can’t take place when the 
electron is on its way from E, to E; because it is never anywhere in 
between. And furthermore, something is deeply remiss about the nature 
of causality, for if the atom were to emit a photon of a given colour 
as the electron leaves E, it will have had to already wind up where it 
was going (i.e., E,) before it left so that a photon that has the proper 
colour/frequency (needed to conserve energy) would be emitted. A queer 
causality indeed! As we can now see, the paradoxical nature of quantum 
causality derives from the very existence of a quantum dis/continuity in 
the cutting together/apart that is the nature of all intra-actions. 

Let’s pause to consider the quantum dis/continuity further. This 
discontinuity that queers our presumptions of continuity is neither the 
opposite of the continuous, nor continuous with it. Quantum ‘leaps’ 
are not mere displacements in space through time, not from here-now 
to there-then, not when it is the rupture itself that helps constitute 
the here’s and now’s, and not once and for all. The point is not 
merely that something is here-now and there-then without every having 
been anywhere in between, it’s that here-now, there-then have become 
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unmoored—there’s no given place or time for them to be. Where and 
when do quantum leaps happen? Furthermore, if the nature of causality 
is troubled to such a degree that effect does not simply follow cause end- 
over-end in an unfolding of existence through time, if there is in fact no 
before and after by which to order cause and effect, has causality been 
arrested in its tracks? 

This strange quantum causality entails the disruption of disconti- 
nuity/continuity, a disruption so destabilising, so downright dizzying, 
that it is difficult to believe that it is that which makes for the stability 
of existence itself. Or rather, to put it a bit more precisely, if the 
indeterminate nature of existence by its nature teeters on the cusp of 
stability and instability, of possibility and impossibility, then the dyna- 
mic relationality between continuity and discontinuity is crucial to the 
open ended becoming of the world which resists acausality as much as 
determinism. 

I don’t want to make too much of a little thing, but the quantum, 
this tiny disjuncture that exists in neither space nor time, torques the 
very nature of the relation between continuity and discontinuity to 
such a degree that the nature of change changes with each intra-action. 
Change, to the extent that any general characterisation can be given, is 
a dynamism that operates at an entirely different level of existence from 
that of postulated brute matter situated in space and time (e.g., existence 
is not simply a manifold of being that evolves in space and time); rather, 
what comes to be and is immediately reconfigured entails an iterative 
intra-active becoming of spacetimemattering. 

Quantum dis/continuity is the un/doing. (Even un/doing itself, as well 
as the notion of itself.) Even its appellation is at once redundant and 
contradictory: a smallest unit, a discontinuous bit... of discontinuity. 
‘Quantum’, ‘discontinuity’—each designation marking a disruption, 
bringing us up short, disrupting us, disrupting itself, stopping short be- 
fore getting to the next one. A rupture of the discontinuous? A disrupted 
disruption? A stutter? A repetition not of what comes before, or after, 
but a disruption of before/after. A cut that is itself cross-cut. A cut raised 
to a higher power forever repeating. A passable impassability. (An 
irresolvable internal contradiction, a logical disjunction, an im-passe 
(from the Latin a-poria), but one that can’t contain that which it would 
hold back. Porosity is not necessary for quantum tunneling—a specif- 
ically quantum event, a means of getting through, without getting over, 
without burrowing through. Tunneling makes mincemeat of closure, no 
w/holes are needed.) A possible impossibility, an impossible possibility. 
An ontological im/probability. Identity undone by a discontinuity at 
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the heart of matter itself. What spooky matter is this, this quantum 
discontinuity? 


Act to. Scene t,,. Newtonian Inheritance 


SpaceTime coordinates: Universal time. No time. 1687 [Newton’s 
Principia] diffracted through 1814 [Laplace’s demon-the hero of a 
thought experiment, a clever chap who stops time, gathers information 
about the whereabouts and instantaneous movements of every particle, 
making for a complete data set which when plugged into Newton’s 
equation gives Man his ultimate wish of complete knowability]. All time 
is calculable, laid out, the entirety of the past, of all that lays behind us, 
and the entirety of the future, of all that is before us, starting with but 
one moment, any moment, all moments made equal... All time in no 
time at all. 


How much of our understanding of the nature of change has been 
and continues to be caught up in the notion of continuity? For Newton, 
physicist extraordinaire, inventor of the calculus, author of biblical 
prophesies, uniter of heaven and earth, continuity was everything. 

It gave him the calculus. And the calculus gave voice to his vision 
of a deterministic world: placing knowledge of the future and past, in 
its entirety, at Man’s feet. Prediction, retrodiction. Time reversal, time 
universal. Man’s for the asking. The price but a slim investment in what 
is happening in an instant, any instant. Determinism rules. Nature is a 
clockwork, a machine, a windup toy the Omniscient One started up at 
time t=0 and then even He lost interest in and abandoned, or perhaps 
remembers now and again and drops in to do a little tuning up. The 
universe is a tidy affair. 

The presumed radical disjuncture between continuity and disconti- 
nuity is the gateway to Man’s stewardship, giving him full knowability 
and control over nature. Calculus is revealed as the escape hatch through 
which Man can take flight from his own finitude. Man’s reward: a 
God’s eye view of the universe, the universal viewpoint, the escape from 
perspective, with all the rights and privileges accorded therein. Vision 
that goes right to the heart of matter, unmediated sight, knowledge 
without end, without responsibility. Individuals with inherent properties 
there for the knowing, there for the taking. Matter is discrete, time 
is continuous. Place knows its place. Time too has its place. Nature 
and culture are split by this continuity, and objectivity is secured as 
externality. We know this story well, its written into our bones, in many 
ways we inhabit it and it inhabits us. 
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And yet, Newtonian inheritance is not one but many. No unity can 
hold, not from within or without, when restless spirits walk the night. 


Act [ Scene VY. Learning Spirits: Indeterminacy, Quantum 
Superpositions, Quantum Entanglements 


SpaceTime Coordinates: undecidable spacetimes, superposition of 
here/there-now/then, 1935 [Erwin Schrodinger’s paper on quantum 
measurement, almost no one remembers any of it except for the one 
paragraph on the cat] diffracted through, entangled with... times past 
and times to come. 


If it—learning to live—remains to be done, it can happen only between life 
and death. Neither in life nor in death alone. What happens between the two, 
and between all the ‘two’s’ one likes, such as between life and death, can only 
maintain itself with some ghosts, can only talk with or about some ghost. So 
it would be necessary to learn spirits. (Derrida 1994, xviii) 


A cat caught in a superposition of alive and dead. An awkward affair. 
A ghostly/ghastly position. Its fate entangled with an atomic critter—a 
radioactive atom, a small bit of matter ruled by probabilities (forget 
about the impossibility of the metaphor). The famous Schrodinger’s 
cat experiment: a Rube Goldberg-style machine, coupling a radioactive 
atom to a Geiger counter to a hammer to a bottle of poison to the fate 
of the cat. 

What has driven Schrédinger to such perverse lengths? He’s trying to 
make a point about measurement and he understands that the kind of 
sympathy we muster for cats, we don’t seem to have for electrons or 
photons, or any of the critters that populate the world of the nonliving. 
A world perhaps more densely populated than on first thought, if one 
includes the undead, that is, all matter of spooks. Although it’s worth 
noting that the line between the living and that which has never lived 
is, after all, one of the most hardfast, most sacrosanct disjunctures of 
them all. 

What does it mean for the cat’s fate to be entangled with that of 
an atom? If the atom decays, the cat dies; if the atom doesn’t decay, 
the cat lives. But the atom’s fate is indeterminate, in ‘a superposition 
of having decayed and having not decayed’. Correspondingly, due to 
their entanglement, the cat is ‘in a superposition of alive and dead’! Our 
sympathy clicks in! Outrageous! What? How can this be? It’s one thing 
for an atom to be in a superposition of decayed and not decayed, but cats 
are either alive or dead—period. And Schrédinger would be the first to 
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agree, but only after the state of the cat is observed. Before it is observed, 
there is no determinate fact of the matter about its condition. 

Once more, a bit more slowly. What is meant by ‘superposition’? 
A quantum superposition is a nonclassical relation among different 
possibilities. In this case, the superposition of ‘alive’ and ‘dead’ en- 
tails the following: it is not the case that the cat is either alive or 
dead and that we simply do not know which; nor that the cat is both 
alive and dead simultaneously (this possibility is logically excluded since 
‘alive’ and ‘dead’ are understood to be mutually exclusive states); nor 
that the cat is partly alive and partly dead (presumably ‘dead’ and 
‘alive’ are understood to be all or nothing states of affair); nor that 
the cat is in a definitive state of being not alive and not dead (in 
which case it presumably wouldn’t qualify as a (once) living being). 
Quantum superpositions radically undo classical notions of identity and 
being (which ground the various incorrect interpretative options just 
considered). Quantum superpositions (at least on Bohr’s account) tell 
us that being/becoming is an indeterminate matter: there simply is not a 
determinate fact of the matter concerning the cat’s state of being alive or 
dead. It is a ghostly matter! But the really spooky issue is what happens 
to a quantum superposition when a measurement is made and we find 
the cat definitively alive or dead, one or the other. By what law of the 
universe does such an occurrence happen? How can we understand 
this ‘collapse’-or rather, resolution—of an ontological/hauntological 
indeterminacy into a determinate state? Not by following Schrédinger’s 
equation. Perhaps not by any calculable means whatsoever. 

Quantum entanglements are generalised quantum superpositions, 
more than one, no more than one, impossible to count. They are 
far more ghostly than the colloquial sense of ‘entanglement’ suggests. 
Quantum entanglements are not the intertwining of two (or more) 
states/entities/events, but a calling into question of the very nature of 
two-ness, and ultimately of one-ness as well. Duality, unity, multiplicity, 
being are undone. ‘Between’ will never be the same. One is too few, two 
is too many. No wonder quantum entanglements defy commonsense 
notions of communication ‘between’ entities ‘separated’ by arbitrarily 
large spaces and times. Quantum entanglements require/inspire a new 
sense of a-count-ability, a new arithmetic, a new calculus of response- 
ability. 


‘Spooky action at a distance’ is how Albert Einstein famously derided 
the concept of quantum entanglement-where objects [in such a state] 
instantaneously influence one another regardless of distance. Now researchers 
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suggest that this spooky action in a way might work even beyond the grave, 
with its effects felt after the link between objects is broken... memories of 
entanglements can survive its destruction. (Choi 2009, 24) 


Entanglements of here, there, now, then. Entanglements between one 
side of the Danube and the other, and between La Palma and Tenerife 
in the Canary Islands.*° Between Elsinore and Copenhagen. Between 
Newton’s time and the twenty-first century. Between life and death. 


Act p. Scene q. Bobr’s Hauntology 
SpaceTime Coordinates: Copenhagen, between war times, ghostly times. 


To haunt does not mean to be present, and it is necessary to introduce 
haunting into the very construction of a concept. Of every concept, beginning 
with the concepts of being and time. That is what we would be calling here a 
hauntology. Ontology opposes it only in a movement of exorcism. Ontology 
is a conjuration. (Derrida 1994, 161) 

This condition of possibility of the event is also its condition of 
impossibility... without this experience of the impossible, one might as well 
give up on both justice and the event. (Derrida 1994, 65) 


It’s quite uncanny. During the early years of the twentieth century 
evidence came to light that light is... well, it behaves like a particle 
(after all-the position Newton advocated)... except when it behaves 
like a wave (as James Clerk Maxwell, Thomas Young, and others helped 
to demonstrate convincingly in the nineteenth century). And matter, it 
most definitely behaves like a particle,... well, except when it behaves 
like a wave. What nonsense is this? Has science lost its mind, gone mad? 
Waves and particles are ontologically distinct kinds: waves are extended 
disturbances that can overlap and move through one another; particles 
are localised entities that singly occupy a given position in space one 
moment at a time. Light can’t simply just be a wave and a particle, 
extended and localised. 

So much for the solid confidence, the assured certainty, the bedrock 
consistency of science, at the brink of a new century. It was not merely 
that new empirical evidence concerning the nature of light seemed to 
contradict the established view, but during the first quarter of the 
twentieth century, it became increasingly difficult to understand how 
any consistent understanding of the nature of light could be possible. 

Desperate to make sense of all this, Bohr makes one of the strangest 
moves in the history of physics: he turns his attention to the question 
of... language! (A respectable move for a scholar in the humanities, 
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but what on earth is a physicist doing examining the nature of concept 
use and meaning making?!) Entertaining questions that most physicists 
wouldn’t even see as questions Bohr asks: What do we mean by ‘particle’ 
or ‘wave’? What are the conditions for the possibility for the meaningful 
use of these concepts? What is the nature of scientific concepts? What 
role do they play? How do they matter? 

Bohr’s unique contribution is this: he proposes that we understand 
concepts to be specific material arrangements of experimental 
apparatuses. (For example, an apparatus with fixed parts is needed to 
make the notion of ‘position’ intelligible; whereas an apparatus with 
moveable parts is needed for ‘momentum’ to be intelligible). Concepts 
are indeterminate outside of the appropriate material conditions needed 
to make them intelligible. Any particular experimental arrangement, 
which gives determinate meaning to a particular concept (for 
example, ‘position’) will, by necessity, always produce its constitutive 
exclusion (for example, ‘momentum’), that is, an equally necessary, 
‘complementary’ concept which is thereby left outside of the domain 
of intelligibility. That is, the contingent determination of the meaning of 
any concept necessarily entails constitutive exclusions. Every concept is 
haunted by its mutually constituted excluded other. This is what Bohr 
means by Complementarity. 

On Bohr’s account then, there is an intimate relationship between 
discourse and materiality that goes beyond the frequently repeated 
refrain that writing and speaking are material practices. Bohr argues 
that this materialist understanding of concepts, in combination with the 
empirical finding that there is a quantum discontinuity, undermines the 
notion of an inherent fixed (apparatus-independent, Cartesian) subject- 
object distinction. But this does not mean that there are no such 
distinctions. Rather, the material-discursive apparatus, in addition to 
giving meaning to specific concepts to the exclusion of others, also 
enacts a specific cut between ‘observed’ and ‘agencies of observation’. 
There are no separately determinate individual entities that interact with 
one another; rather, the co-constitution of determinately bounded and 
propertied entities results from specific intra-actions (see endnote 1). 
That is, not only concepts but also boundaries and properties of objects 
become determinate, not forevermore, but rather, as an inseparable part 
of, what Bohr calls a phenomenon-—the inseparability (differentiated 
indivisibility) of ‘object’ and ‘agencies of observation’. 

Concepts do not refer to the object of investigation. Rather, concepts 
in their material intra-activity enact the differentiated inseparability 
that is a phenomenon. In the absence of the intra-action there is no 
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determinate fact of the matter or any determinate way to describe 
it. Being is not simply present, there to be found, already given. 
There is no fixed essence or substance simply there for the measuring. 
Particles aren’t inherently bounded and propertied entities running 
in the void. Mattering is about the (contingent and temporary) 
becoming-determinate (and becoming-indeterminate) of matter and 
meaning, without fixity, without closure. The conditions of possibility of 
mattering are also conditions of impossibility: intra-actions necessarily 
entail constitutive exclusions, which constitute an irreducible openness. 
Intra-actions are a highly non-classical causality, breaking open the 
binary of stale choices between determinism and free will, past and 
future. 


Act x. Scene 1. Diffractive Imaginings and Double Slit 
Experiments 


SpaceTime Coordinates: diffracted spatialities and diffracted temp- 
oralities, entangled ‘across’ space and time; past, present, future threaded 
through one another. 


To think the ‘holding together’ of the disparate itself. Not to maintain 
together the disparate, but to put ourselves there where the disparate itself 
holds together, without wounding the dis-jointure, the dispersion, or the 
difference, without effacing the heterogeneity of the other. (Derrida 1994, 29) 

Diffraction patterns record the history of interaction, interference, 
reinforcement, difference. Diffraction is about heterogeneous history, not 
about originals. Unlike reflections, diffractions do not displace the same 
elsewhere, in more or less distorted form, thereby giving rise to industries 
of metaphysics... Diffraction is a narrative, graphic, psychological, spiritual, 
and political technology for making consequential meanings. (Haraway 
1997, 273) 


Stage Left: 

A ghost of Thomas Young and his famous two-slit experiment. The 
two-slit experiment—the grand identity filter, the perfect litmus test of 
the character of being, the greatest ontological sorting machine of all 
time. Thomas Young is lecturing. Sound waves from the two speakers set 
up at the front of the lecture hall form a sonic diffraction pattern so that 
alternately spaced conic sections of the audience can hear Young’s voice 
with clarity while the others sit with quizzical looks not hearing a word 
and still others have their ears plugged because the sound is so loud as 
to be unbearable. The words come clearly to those who are well-placed: 
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This can be demonstrated using a simple instrument which I call a two-slit 
apparatus. It’s very simple really. It has just three parts: a device that is the 
source of the entity being tested, a barrier with two holes in it, and a screen 
placed some distance further back. Now, if you want to know if an entity is a 
wave or a particle you simply fire a bunch of them at the barrier with the two 
open slits. One of two patterns will appear on the screen. If most of the entities 
hitting the screen collect directly across from the slits the entity in question is 
a particle. On the other hand, if a distinctive pattern with alternating bands 
of intensity appears on the screen, the entity in question is a wave. Note that 
the pattern of alternating bands, or diffraction pattern, is similar to the wave 
pattern formed by overlapping disturbances when two stones are dropped 
simultaneously into a pond at a small distance from one another. In summary, 
my device—the two-slit apparatus — gives a sure-fire method of distinguishing 
waves from particles. In this way, it is possible to categorise all of nature as 
one kind or the other. 


Some audience members clap when Mr. Young has finished. Others have 
already left in frustration and have asked for a refund of the ticket price. 
Someone notices that the remaining audience members form a pattern of 
bands radiating outwards from the stage. Interested in this phenomenon, 
she raises her hand, but Mr. Young has already disappeared. 

Stage Right: 

The lights go up on the house and reveal the ghosts of Einstein and 
Bohr pushing away from the craps table, where Einstein, with unchecked 
disdain in his voice, reports that some physicists claim they saw God 
playing there. Einstein has had enough. They mosey on over to another 
table and quickly fall into the groove of an old conversation. 

The table in front of them sports a two-slit apparatus at the very 
center of their imaginations. They are performing gedanken or thought 
experiments with the two-slit apparatus. The stakes: nothing less than 
the nature of reality. Einstein is getting irate. Bohr insists that using 
a two-slit apparatus he can show that with one arrangement of the 
two-slit apparatus light behaves as a wave, and with a complementary 
arrangement light behaves as a particle. He explains that entities are 
not inherently ‘wave’ or ‘particle’, and that it is possible to produce 
wave and particle phenomena/behaviours/performances when the entity 
in question ‘intra-acts’ with the appropriate apparatus. Einstein picks up 
a large stack of chips, neatly arranges them in his hand, and confidently 
places them on the table. Bohr says he will bet against Einstein, but he 
keeps talking without laying down any determinate number of chips in 
any particular spot. 
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Both Bohr and Einstein agree that entities, like photons, atoms, and 
electrons, exhibit a diffraction pattern, characteristic of waves, when 
sent through a two-slit apparatus. What they disagree about is what 
would happen if the apparatus is modified in such a way that it would be 
possible to detect which slit a given entity had gone through on its way 
to the screen. Einstein, who rejects quantum theory and is committed to 
holding onto a classical ontology, argues that this experiment would 
catch the entity in the act of behaving like a particle at the slits 
and behaving like a wave at the screen—exposing the deficiencies of 
the quantum theory. Bohr adamantly disagrees. He argues that with 
the which-slit apparatus in place the entity would no longer behave 
as a wave-that there would no longer be a diffraction pattern on 
the screen. Bohr’s exuberance is hard to contain as he explains that 
Einstein’s which-slit experiment beautifully demonstrated his Principle 
of Complementarity according to which an entity either behaves like a 
wave or a particle depending on how it is measured. Einstein is losing 
his patience. 

Heisenberg, seeming to come out of nowhere, slips in between them 
and remarks that he agrees with Bohr that the moment you try to 
reconfigure the apparatus to detect which slit it goes through you will 
disrupt the entity whose characteristics you set out to measure. The 
result will be that light will no longer behave as a wave, but rather 
a particle. Heisenberg sets off in another direction once he finishes. 
As he leaves Bohr shakes his head insisting that he and Heisenberg 
actually don’t agreed at all. Bohr mumbles something about Heisenberg 
believing that the pattern changes because in the act of determining 
which slit it goes through the which-slit apparatus disturbs what would 
have happened in the absence of such a measurement. Einstein long ago 
stopped listening, but Bohr forges on. The point, he argues, is not that 
measurements disturb what is being measured but rather what is at issue 
is the very nature of the apparatus which enacts a cut between ‘object’ 
and ‘agencies of observation’, which does not exist prior to their intra- 
action—no such determinate features or boundaries are simply given. 
What results is an entanglement—a phenomenon. The performance of 
the measurement with an unmodified two-slit apparatus results in a wave 
phenomenon, while the measurement with a modified two-slit apparatus 
(with a which-slit detector) results in a particle phenomenon. There is no 
contradiction, Bohr insists. Classical metaphysics has misled us. Entities 
do not have an inherent fixed nature. 

Einstein’s reverie is broken by this last comment. Exasperated he 
asks, ‘So what you are saying is that the very nature of the entity —its 
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ontology —changes with the experimental apparatus used to determine 
its nature? Or worse, that nothing is there before it is measured, as if 
measurements conjure things into existence?’ 


Act A. Scene Q. Inheriting the Future: Newton’s End of Time 


SpaceTime Coordinates: The Apocalypse > AD2060 (AD2060, or 
thereafter) [Newton’s prediction for the end of time] diffracted through 
2003 [discovery of Newton’s seventeenth-century prediction/prophesy]| 
diffracted through 17 century [Newton-the prophet, the seer of the 
future, the inventor of the calculus, the great calculator, the seer of the 
laws of nature that determine every event for all time—kills time for a 
second time]. 


What does it mean to follow a ghost? And what if this came down to being 
followed by it, always, persecuted perhaps by the very chase we are leading? 
Here again what seems to be out in front, the future, comes back in advance 
from the past, from the back. (Derrida 1994, 10) 

Plus d’un [More than one/ No more one]: this can mean a crowd,... but 
also the less than one of pure and simple dispersion. (Derrida 1994, 3) 


The end of time. We’ve heard this before, we hear it all the time. We 
inherit the future, not just the past. 

Newton, the natural philosopher, had already done in time. His laws 
of physics always already make this pronouncement: in a deterministic 
universe there is no time—all events have already happened, time doesn’t 
exist. The future has already happened. And yet, the Great Calculator 
makes a prediction to end all predictions. Newton, the theologian, the 
scholar of biblical prophesy, calculates the end of time. His prediction 
hidden away for a time not his own. 

Biblical prophesy and natural philosophy, each engages in predictions. 
One prediction for the end of time is uncertain (‘It may end later’), the 
other leaving absolutely no room for uncertainty, not a hair’s breadth. 

Biblical prophesy was surely more than an avocation for Newton; it 
was an invocation of spirits dis/continuous with his natural philosophy. 
Spirits took center stage in his natural philosophy, but not his 
theology. For Newton they were everything and nothing. Filling 
all space, then banished. Appearing and disappearing. They have a 
peculiar presence/absence throughout his work. A vanishing presence. 
A reappearing absence. Forever returning. Coming from the future as 
well as the past. 

Newton the great natural philosopher, the first modern scientist, the 
greatest scientist of all time, the inventor of the calculus. Newton the 
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theologian, the devoted student of biblical prophesy, a devout non- 
trinitarian Christian. Newton, the Chosen One, the reader of the Great 
Clockwork, the one who could take one moment in time, any moment, 
and use his calculus to spread before the world the entire future and 
past. The prophet who could see the end of time. Newton the great 
empiricist, the great positivist, the great determinist, the great mechanist. 
All these honourifics left hanging as questions. All co-existing along 
with other ghosts of Newton that speak of the undoings of mechanism, 
determinism, positivism, scientism. 
Superpositions, not oppositions. Physics has always been spooked. 


Act tr(A). Scene tr(A). Quantum ‘Erasers’: Thought 
Experiments Made Flesh, but Spooky Nonetheless 


SpaceTime Coordinates: untimely, no given space, no given time. 


The concern is ‘not with horizons of modified—past or future— presents, but 
with a “past” that has never been present, and which never will be, whose 
future to come will never be a production or a reproduction in the form of 
presence’. (Derrida 1982, 21) 

Phenomena are never one, never merely situated in the present, here and now. 
Phenomena are quantum entanglements of intra-acting agencies. Crucially, 
intra-actions cut things together and apart—Barad. 


Physicists now claim to have empirical evidence that it is possible not 
only to change the past, but to change the very nature of being itself... in 
the past. 

Tunneling from the realm of imagination to the empirical world, 
from the laboratory of the mind to the laboratory of hard facts, from 
the 1930s to the 1990s, the two-slit apparatus at the center of the 
Bohr-Einstein debate is made flesh. New technological advances make 
it possible to actually do this great thought experiment in the lab. But 
much more than technological innovation is at issue. The way in which 
this experiment is designed is remarkable for its imaginative ingenuity as 
well, for this experiment is engineered to empirically test a difference 
in the metaphysical views of Bohr and Heisenberg. Experimental 
meta/physics! Empirical marks from the world beyond. A ghostly matter. 
The line between physics and metaphysics is undecidable/indeterminate. 

Heisenberg understands measurements as disturbances that place 
a limit on knowability—that is, measurements entail epistemic uncer- 
tainties. Whereas, for Bohr, measurement is about the conditions for 
possibility of semantic and ontic determination-that is, indeterminacy. 
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So the disagreement between Bohr and Heisenberg has to do with what 
exists in the absence of a measurement. But how can one even begin to 
contemplate an experiment that tests what exists before a measurement 
takes place when the very act of experimenting always already entails 
measurement? 

It turns out that there is a way to determine empirically which, if 
either, of the ‘metaphysical’ views of Bohr and Heisenberg has empirical 
support. The basic idea behind this ingeniously designed experiment is 
the following.® The key is to use the inner workings of the atom (that is, 
its ‘internal degrees of freedom’) to leave behind a telltale sign of which 
slit the atom passes through in a way that does not disturb its forward 
momentum (that is, its ‘external degrees of freedom’). In particular, the 
experiment is designed in just such a way that an atomic electron is made 
to jump from a higher energy level to a lower energy level at just the 
right moment (thereby tinkering only with the atom’s internal degrees 
of freedom) such that it leaves a telltale photon behind in one of the 
two containers placed adjacent to each of the two slits, while the atom 
continues on its way unaffected by this event. 

The result? Unambiguous confirmation of Bohr’s point of view: when 
a which-slit detector is introduced, the pattern does indeed change from 
a diffraction pattern to a scatter pattern, from wave behaviour to particle 
behaviour, and, crucially, this shift, by design, is not a result of a 
disturbance. This finding goes against both Heisenberg and Einstein’s 
understandings, and strongly confirms Bohr’s point of view, for it can 
be shown that the shift in pattern is the result of the entanglement of 
the ‘object’ and the ‘agencies of observation’. That is, there is empirical 
evidence for Bohr’s performative understanding of identity: Identity is 
not inherent (e.g., entities are not inherently either a wave or a particle), 
but rather ‘it’ is performed differently given different experimental 
circumstances. 

Now, given the performative nature of identity, things get even 
more interesting, for if Bohr’s hypothesis that phenomena are quantum 
entanglements (of ‘objects’ and ‘agencies of observation’) holds, then 
some (other) clearly impossible things become possible. Suppose that the 
which-slit detector is modified in such a way that the evidence of which 
slit the atom goes through (the existence of the tell-tale photon in one 
container or the other) can be erased after the atom has already gone 
through one of the slits. It turns out that if the which-slit information is 
‘erased’ (that is, if any trace of which slit information is destroyed and 
the question of which-slit is once again undecidable), then a diffraction 
pattern characteristic of waves is once again in evidence (as in the case 
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without a which-slit detector)! This result is remarkable, but there’s 
more. It turns out that it doesn’t matter at what point the information 
is ‘erased’—in particular, it could be erased after any given atom has 
already gone through the entire apparatus and made its mark on the 
screen, thereby contributing to the formation of the overall pattern! 

This result is nothing less than astonishing. What this experiment tells 
us is that whether or not an entity goes through the apparatus as a wave 
or a particle can be determined after it has already gone through the 
apparatus, that is, after it has already gone through as either a wave 
(through both slits at once) or a particle (through one slit or the other)! 
In other words, it is not merely that the past behaviour of some given 
entity has been changed, as it were, but that the entities’ very identity has 
been changed! Its past identity, its ontology, is never fixed, it is always 
open to future reworkings! 

The physicists who proposed the quantum eraser experiment interpret 
these results as the possibility of ‘changing the past’; they speak of the 
diffraction pattern as having been ‘recovered’ (as if the original pattern 
has returned) and the which-slit information having been ‘erased’. But 
this interpretation is based upon assumptions that are being called into 
question by this very experiment, assumptions concerning the nature of 
being and time. 

If one assumes a metaphysics of presence, that the pattern obtained 
results from the behaviour of a group of individually determinate 
objects, then it seems inexplicable that the erasure of information of 
which slit each individual entity went through, after the individuals have 
gone through the slits, could have any effect. Otherwise, what notion 
of causality could account for such a strange occurrence? What could 
be the source of such instantaneous communication, a kind of global 
conspiracy of individual actors acting in concert? What kind of spooky- 
action-at-a-distance causality is this?! The difficulty here is the mistaken 
assumptions of a classical ontology based on the belief that individual 
determinately bounded and propertied objects are the actors on this 
stage, and the stage itself is the givenness of a container called space and 
a linear sequence of moments called time. But the evidence indicates that 
the world does not operate according to any such classical ontology, an 
ontology exorcised of ghosts. On the contrary, this is empirical evidence 
for a hauntology! 

It’s not that (in erasing the information after the fact that) the 
experimenter changes a past that had already been present. Rather, 
the point is that the past was never simply there to begin with and 
the future is not simply what will unfold; the ‘past’ and the ‘future’ 
are iteratively reworked and enfolded through the iterative practices 
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of spacetimemattering—including the which-slit measurement and the 
subsequent erasure of which-slit information—all are one phenomenon. 
There is no conspiracy at work among individual particles separated 
in space or individual events separated in time. Space and time are 
phenomenal, that is, they are intra-actively produced in the making 
of phenomena; neither space nor time exist as determinate givens, as 
universals, outside of phenomena. 

Furthermore, the evidence is against the claim made by some 
physicists that all trace of the event is ‘erased’ when the which-slit 
information is destroyed and that the previous diffraction pattern is 
‘recovered’. On the contrary, the diffraction pattern produced is not 
the same (as the original). Unlike the ‘original’, the new diffraction 
pattern is not plainly evident without explicitly tracing the (extant) 
entanglements. That is, the trace of all measurements remain even when 
information is erased; it takes work to make the ghostly entanglements 
visible. The past is not closed (it never was), but erasure (of all traces) 
is not what is at issue. The past is not present. ‘Past’ and ‘future’ 
are iteratively reconfigured and enfolded through the world’s ongoing 
intra-activity. There is no inherently determinate relationship between 
past and future. Phenomena are not located in space and time; rather, 
phenomena are material entanglements enfolded and threaded through 
the spacetimemattering of the universe. Even the return of a diffraction 
pattern does not signal a going back, an erasure of memory, a restoration 
of a present past. Memory—the pattern of sedimented enfoldings of 
iterative intra-activity —is written into the fabric of the world. The world 
‘holds’ the memory of all traces; or rather, the world is its memory 
(enfolded materialisation). 


Act¥, Scene. Science C Justice 


SpaceTime Coordinates: diffracted spacetimes; time of inheritance, time- 
to-come; whither? 


There is no inheritance without a call to responsibility (Derrida 1994, 91). 


No justice... seems possible or thinkable without the principle of some 
responsibility, beyond all living present, within that which disjoins the living 
present, before the ghosts of those who are not yet born or who are 
already dead,... Without this non-contemporaneity with itself of the living 
present, ... without this responsibility and this respect for justice concerning 
those who are not there, of those who are no longer or who are not yet 
present and living, what sense would there be to ask the question ‘where?’ 
‘where tomorrow?’ ‘whither?’. (Derrida 1994, xix) 
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Copenhagen is densely populated with ghosts. Every being made killable 
on a mass-scale by twentieth-century technologies, whether victims of 
Auschwitz, or hibakusha of the atomic bombs dropped on Hiroshima 
and Nagasaki, or the victims of the Dresden firestorm, or the many other 
victims (some of whom lived as ghosts even before they died), and not 
only those deaths related to WWII but also other entangled high-tech 
massacres of populations made killable, or at least dispensable, whether 
at Bhopal, Chernobyl, Bikini Atoll, or elsewhere. And not only human 
ghosts, but all manner of ghostly beings (including the millions sacrificed 
each year by the killing machines of industrial meat production). Atomic 
ghosts. Copenhagen lives in the shadow of bombs dropped and bombs 
not dropped (Schrédinger’s cat again. Ghostly entanglements). 

And yet, if Elsinore is the darkness inside the human soul, Copenhagen 
is not a place, internal or external to the eternal referent of all—to 
Man as the measure of all things—but rather a nonplace, and nontime, 
a dislocation of referent, a fracture, a rupture, a disjuncture, an 
opening. The ethical questions concerning the making of the atomic 
bomb are not about rights or calculation or blame, and surely not 
about innocence -the themes that swirl around the ghosts of Bohr and 
Heisenberg in Frayn’s Copenhagen (2000). 

Copenhagen is haunted by disjunctures. It is a play that knows 
more than its author (as do all our works). Traces of the 
undecidability/indeterminacy of knowing-not knowing, being-not being. 
Dispersions. Aspersions. Frayn is undone by what he sees as an injustice 
to Heisenberg, that history has unfairly judged him and soiled his 
reputation, that he was in any case doing the best he could living 
under a totalitarian regime. In marked contrast, Frayn makes it clear 
that he believes that Bohr and the scientists who worked to build the 
atomic bomb at Los Alamos are far more culpable than their German 
counterparts (due to the ‘success’ of the U.S. efforts) and yet not held 
accountable (by whom?). On Frayn’s account(ing), it is in fact the very 
fact that we’ll never know Heisenberg’s intentions —the existence of that 
‘final core of uncertainty at the heart of things’ (Frayn 2000, 94) —that 
saves humanity not only from judging each other inappropriately, but 
ultimately, from destroying itself. Apocalypse again, even in its absence. 
Once again, Man is the measure of all things, the beginning and the 
end, the alpha and the omega. Evidently, uncertainty is too dull a 
blade to cut through or disrupt the usual stories of certainty and the 
end of the time. And no wonder, uncertainty’s fate is in any case no 
better than humanity’s, since uncertainty lives inside the human mind 
(‘When no more decisions, great or small are ever made again. When 
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there’s no more uncertainty, because there’s no more knowledge’ (Frayn 
2000, 94)). 

Heisenberg is all but certain about his uncertainty paper. Throughout 
the paper (proper), which lays out his argument for the inevitability of 
uncertainty in measurement interactions, a certain confidence abides. 
But then after the fact, after the argument is given, an afterthought—a 
thought that arrives almost too late on the scene (in any case after 
the particles have already gone through the slits and hit the screen) —a 
tempered nod to his mentor sending a tremor through the paper that 
shakes the foundations of his analysis. In a little known postscript 
to his famous uncertainty paper, Heisenberg’s certainty/uncertainty 
falters. A confession at the end throws the whole analysis into crisis: 
Heisenberg admits that Bohr is indeed correct (‘In this connection Bohr 
has brought to my attention that I have overlooked essential points in 
the course of several discussions in this paper’), that Bohr’s point about 
Complementarity —that is, the play of indeterminacy/determinacy —is 
vital to the analysis of measurement interactions. 

A fascinating irony haunts Copenhagen. Frayn picks up on this little 
known postscript —Heisenberg’s unwitting ode to Bohr—and places it 
at the center of the key scene in the play, and yet completely misses 
its importance: the profound meta/physical disagreement between the 
two primary founders of the Copenhagen interpretation of quantum 
physics, and how it matters. The co-existence of these two irreconcilable 
viewpoints fractures the presumed unity of the so-called Copenhagen 
interpretation of quantum mechanics (allegedly a seamless suturing of 
the views of Bohr and Heisenberg and other important contributors). 
Ironically then, despite Frayn’s rather surprising acknowledgement 
of Heisenberg’s acquiescence to Bohr’s point of view, which 
marks indeterminacy as the primary philosophical point, Frayn, 
nonetheless, places uncertainty (a la Heisenberg) at the center of his 
play. 

Copenhagen/Copenhagen is haunted by its own _ internal 
fracturings/disjunctures that belie the presumed unity of places, spaces, 
times, and beings. A ghost that is the very specter of multiplicity itself 
haunts the play and the interpretation (of quantum physics that goes 
by the same name). What if this ghost were taken seriously? That is, 
what if it were understood that the point is not uncertainty after all—not 
man’s knowledge measured against some present presence that is or 
some past-present that was—but rather, indeterminacy —hauntological 
multiplicity - which, crucially, is not about Man once again, not about 
origins finally, nor the end of time? 
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What if one torqued Frayn’s clever use of the theme of uncertainty, 
of the playing out of various possible scenarios of what might have 
occurred during Heisenberg’s visit to Bohr in 1941, and instead took 
the ghosts at their word?’ What if the revisitings (the restagings 
of the fateful visit) were read not as epistemological possibilities, but 
as the hauntological im/possibilities? That is, what if they were taken 
to be matters of indeterminacy in the nature of being/becoming, not 
uncertainties in human understanding? How would it matter to have 
them speak to us as co-existing multiplicities of entangled relations of 
past-present-future-here-there that constitute the worldly phenomena 
we too often mistake as things existing here-now? What if the ghosts 
were encountered in the flesh, as iterative materialisations, contingent 
and specific (agential) reconfigurings of spacetimematterings, spectral 
(re)workings without the presumption of erasure, the ‘past’ repeatedly 
reconfigured not in the name of setting things right once and for all (what 
possible calculation could give us that?), but in the continual reopening 
and unsettling of what might yet be, of what was, and what comes 
to be?’ 

Along with Derrida we might ask, ‘Does [justice] come simply 
to repair injustice or more precisely to rearticulate as must be the 
disjointure of the present time?... Does not justice as relation to 
the other suppose... the irreducible excess of a disjointure or an 
anachrony,... some “out of joint” dislocation in Being and in time 
itself...?’ (Derrida 1994, 25; 27). Only by facing the ghosts, in their 
materiality, and acknowledging injustice without the empty promise 
of complete repair (of making amends finally) can we come close to 
taking them at their word. The past is never closed, never finished 
once and for all, but there is no taking it back, setting time aright, 
putting the world back on its axis. There is no erasure finally. The 
trace of all reconfigurings are written into the enfolded materialisations 
of what was/ is/ to-come. Time can’t be fixed. To address the past 
(and future), to speak with ghosts, is not to entertain or reconstruct 
some narrative of the way it was, but to respond, to be responsible, 
to take responsibility for that which we inherit (from the past and the 
future), for the entangled relationalities of inheritance that ‘we’ are, 
to acknowledge and be responsive to the noncontemporaneity of the 
present, to put oneself at risk, to risk oneself (which is never one or 
self), to open oneself up to indeterminacy in moving towards what is to- 
come. Responsibility is by necessity an asymmetrical relation/doing, an 
enactment, a matter of différance, of intra-action, in which no one/ no 
thing is given in advance or ever remains the same. Only in this ongoing 
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responsibility to the entangled other, without dismissal (without ‘enough 
already!’), is there the possibility of justice-to-come. 

Entanglements are not intertwinings of separate entities, but rather 
irreducible relations of responsibility. There is no fixed dividing line 
between ‘self? and ‘other’, ‘past’ and ‘present’ and ‘future’, ‘here’ 
and ‘now’, ‘cause’ and ‘effect’. Quantum discontinuity is no ordinary 
disjunction. Cartesian cuts are undone. Agential cuts, by contrast, do 
not mark some absolute separation but a cutting together/apart—a 
‘holding together’ of the disparate itself,... without wounding the 
dis-jointure, the dispersion, or the difference, without effacing the 
heterogeneity of the other... without or before the synthetic junction 
of the conjunction and the disjunction’ (Derrida 1994, 29). Agential 
cuts —intra-actions— don’t produce (absolute) separation, they engage in 
agential separability — differentiating and entangling (that’s one move, 
not successive processes). Agential cuts radically rework relations of 
joining and disjoining.? Separability in this sense, agential separability, 
is a matter of irreducible heterogeneity that is not undermined by 
the relations of inheritance that hold together the disparate without 
reducing difference to sameness. Entanglements are not a name for 
the interconnectedness of all being as one, but rather specific material 
relations of the ongoing differentiating of the world. Entanglements 
are relations of obligation—being bound to the other—enfolded traces 
of othering. Othering, the constitution of an ‘Other’, entails an 
indebtedness to the ‘Other’, who is irreducibly and materially bound 
to, threaded through, the ‘self’—a diffraction/dispersion of identity. 
‘Otherness’ is an entangled relation of difference (différance). Ethicality 
entails noncoincidence with oneself. 

Crucially, there is no getting away from ethics on this account 
of mattering. Ethics is an integral part of the diffraction (ongoing 
differentiating) patterns of worlding, not a superimposing of human 
values onto the ontology of the world (as if ‘fact’ and ‘value’ were 
radically other).!° The very nature of matter entails an exposure to the 
Other.!! Responsibility is not an obligation that the subject chooses 
but rather an incarnate relation that precedes the intentionality of 
consciousness. Responsibility is not a calculation to be performed. It is 
a relation always already integral to the world’s ongoing intra-active 
becoming and not-becoming. It is an iterative (re)opening up to, an 
enabling of responsiveness. Not through the realisation of some existing 
possibility, but through the iterative reworking of im/possibility, an 
ongoing rupturing, a cross-cutting of topological reconfiguring of the 
space of responsi-bility.'* ‘Inheritance is never a given’, Derrida reminds 
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us, ‘it is always a task. It remains before us... To be... means... to 
inherit. All the questions of the subject of being or of what is to be (or 
not to be) are questions of inheritance.... the being of what we are is 
first of all inheritance’ (Derrida 1994, 54). 

An ethics of entanglement entails possibilities and obligations for 
reworking the material effects of the past and the future. As the 
quantum eraser experiment shows, it is not the case that the past (a 
past that is given) can be changed (contrary to what some physicists 
have said), or that the effects of past actions can be fully mended, 
but rather that the ‘past’ is always already open to change. There can 
never be complete redemption, but spacetimematter can be productively 
reconfigured, as im/possibilities are reworked. Reconfigurings don’t 
erase marks on bodies—the sedimenting material effects of these very 
reconfigurings —- memories/re-member-ings—are written into the flesh of 
the world. Our debt to those who are already dead and those not 
yet born cannot be disentangled from who we are. What if we were 
to recognise that differentiating is a material act that is not about 
radical separation, but on the contrary, about making connections and 
commitments? 
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Notes 


1. Intra-action is a key concept of agential realism (Barad 2007). In contrast to 
the usual ‘interaction’, the notion of intra-action recognises that distinct entities, 
agencies, events do not precede, but rather emerge from/through their intra- 
action. ‘Distinct’ agencies are only distinct in a relational, not an absolute sense, 
that is, agencies are only distinct in relation to their mutual entanglement; they 
don’t exist as individual elements. Importantly, intra-action constitutes a radical 
reworking of the traditional notion of causality. 

2. This paper is diffracted through Barad (2007). The reader should keep in mind 
that there are multiple interpretations of quantum physics. This paper makes 
use of my own reading and interpretation of quantum physics given in my 
book. For other readings of quantum physics and deconstruction see works 
by Arkady Plotnitsky, Christopher Norris, and John Protevi, among others. 
For more on the method of reading insights diffractively through one another, 
see especially Chapter 2 of Barad (2007). Due to space limitations and the 
minimalist approach to footnotes by this journal many footnotes were deleted. 
I refer the reader to Barad (2007) for further details and more complete 
references. This paper highlights material covered especially in Chapter 7. This 
paper is an excerpt of a longer work in progress. 
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3. 


10. 


11. 


12. 


‘“Fits”, “passions”, and “paroxysms” are all legitimate Newtonian terms for 
easy reflection and transmission of light’ (Shapiro 1993, xii). Newton argued 
that light is a particle. 


. David Mermin (1985) suggests that spooky-action-at-a-distance be understood 


as passion-at-a-distance. 


. Quantum entanglements between La Palma and Tenerife in the Canary Islands 


(a distance of 144 kilometers) have been experimentally confirmed. See Choi for 
references. 


. For more details see Barad (2007) Ch. 7. 
. ‘HAMLET: Speak; I am bound to hear.’ Taking someone/something at its word 


entails material obligations, being bound by responsibility. Making sense is 
after all a material matter, especially if materiality isn’t the closed and limited 
set Newton, or even Marx, had imagined, and meaning isn’t taken to be 
merely a matter of language, but rather of a general textuality (see esp. Kirby 
forthcoming). See Barad (2007) for performative (intra-active) reworkings of 
materiality and discursivity. These rearticulations are assumed in this article. 


. In particular, contra Frayn, the point is not about discovering a past that has 


already happened, but rather about the entanglement of past-present-future 
here-there, that is, about responsibility and justice-to-come. So for example, the 
point is not that Heisenberg’s motives were not merely unknown to him, but 
that they were multiple, indeterminate, spooked, not his alone. 


. Agential cuts never sit still; they are iteratively reworked. Inside/outside is 


undone. Constitutive exclusions are both the conditions of possibility for 
openness, for reworking im/possiblities, and are themselves always being 
reworked as part of this reiterative dynamics. An uncanny topology: no 
smooth surfaces, willies everywhere. Differences percolate through every 
‘thing’, reworking and being reworked through reiterative reconfigurings of 
spacetimematterings —-the ongoing rematerialisings of relationalities, not among 
pre-existing bits of matter in a pre-existing space and time, but in the ongoing 
reworkings of ‘moments’, ‘places’, and ‘things’ — each being (re)threaded through 
the other. Differences are always shifting within. Intra-actions don’t occur 
between presences. Intra-actions are a ghostly causality, of a very different order. 
Levinas’s point that ‘ethics... does not supplement a preceding existential base; 
the very node of the subjective is knotted in ethics understood as responsibility’ 
(Levinas 1985, 95) is pertinent here. See Barad (2007) for an elaboration of this 
Levinasian intervention without the humanist foundations that have been an 
integral part of Levinas’s philosophy. 

The very dynamism of matter (unto ‘itself’, as it were, without the need for 
some supplement like culture or history to motor it), its agential and affirmative 
capacity for change with every doing, is its regenerative un/doing. Matter is 
always already open, heterogeneous, noncontemporaneous with itself. Matter 
is always shifting, reconfiguring, re-differentiating itself. Deconstruction is not 
what Man does (it is not a method), it is what the text does, what matter 
does, how mattering performs itself. Matter is never settled but is agentive and 
continually opens itself up to a variety of possible and impossible reconfigurings. 
Matter is ongoing hauntological transformation. Nature is not mute, and culture 
the articulate one. Nature writes, scribbles, experiments, calculates, thinks, 
breathes, and laughs (see esp. Kirby forthcoming and this volume). 

Possibilities aren’t narrowed down to one in the realisation of some possibility 
as an actuality. Rather, im/possibilities are reconfigured and reconfiguring with 
each intra-action. 
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THE IMAGE 
IN THE STONE 


ust as men have always sought after precious 
stones, so they have always prized curious ones, 
those that catch the attention through some anom- 
aly of form, some suggestive oddity of color or pat- 
cern. This fascination almost always derives from a 
surprising resemblance that is at once improbable and 
natural. Stones possess a kind of gravitas, something 
ultimate and unchanging, something that will never 
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perish or else has already done so. [hey attract 
through an intrinsic, infallible, immediate beauty, an- 
swerable to no one, necessarily perfect yet excluding 
the idea of perfection in order to exclude approxi- 
mation, error, and excess. [his spontaneous beauty 
thus precedes and goes beyond the actual notion of 
beauty, of which it is at once the promise and the 
foundation. 

For a stone represents an obvious achievement, yet 
one arrived at without invention, skill, industry, or 
anything else that would make it a work in the human 
sense of the word, much less a work of art. [he work 
comes later, as does art; but the far-off roots and hid- 
den models of both lie in the obscure yet irresistible 
suggestions in nature. 

These consist of subtle and ambiguous signals re- 
minding us, through all sorts of filters and obstacles, 
that there must be a preexisting general beauty vaster 
than that perceived by human intuition—a beauty in 
which man delights and which in his turn he is proud 
to create. Stones—and not only they but also roots, 
shells, wings, and every other cipher and construc- 
tion in nature—help to give us an idea of the pro- 
portions and laws of that general beauty about which 
we can only conjecture and in comparison with which 
human beauty must be merely one recipe among oth- 
ers, just as Euclid’s theorems are but one set out of 
the many possible in a total geometry. 
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In stones the beauty common to all the kingdoms 
of nature seems vague, even diffuse, to man, a being 
himself lacking in density, the last comer into the 
world, intelligent, active, ambitious, driven by an 
enormous presumption. He does not suspect that his 
most subtle researches are but an exemplification 
within a given field of criteria that are ineluctable, 
though capable of endless variation. Nonetheless, 
even though he neglects, scorns, or ignores the gen- 
eral or fundamental beauty which has emanated since 
the very beginning from the architecture of the uni- 
verse and from which all other beauties derive, he still 
cannot help being affected by something basic and 
indestructible in the mineral kingdom: something we 
might describe as lapidary that fills him with wonder 
and desire. 

This almost menacing perfection—for it rests on 
the absence of life, the visible stillness of death— 
appears in stones so variously that one might list all 
the endeavors and styles of human art and not find 
one without its parallel in mineral nature. [here is 
nothing surprising about this: the crude attempts of 
that lost creature, man, could not cover more than a 
tiny part of the aesthetics of the universe. No matter 
what image an artist invents, no matter how distorted, 
arbitrary, absurd, simple, elaborate, or tortured he has 
made it or how far in appearance from anything 
known or probable, who can be sure that somewhere 


4 


in the world’s vast store there is not that image’s like- 
ness, its kin or partial parallel? 

Even setting such similarities aside, human beings 
are attracted and amazed by many mineral forma- 
tions: spiny tufts of quartz; the dark caves of amethyst 
geodes; shiny slabs of variscite or rhodochrosite ag- 
ate; fluorine crystals; the golden, manysided masses 
of pyrites; the simple, almost unsolicited curve of jas- 
per, malachite, or lapis lazuli; any stone brightly col- 
ored or pleasingly marked. 

Connoisseurs, in such cases, admire the qualities 
of a material that is constant and unchanging: purity, 
brilliance, color, structural rigor—properties inher- 
ent in each kind and present in every example. Their 
values are intrinsic, without external reference. The 
price a purchaser pays for them depends on weight, 
rarity, the amount of work involved, just as with a 
length of satin or brocade, a bar of refined metal, or 
a gem. Like such commodities, these stones are ex- 
changeable, since there is no difference between one 
of them and another example of the same kind, size, 
and quality. 

lhe whole picture changes when singularity is 
what is sought after. The stone’s inherent qualities 
and special geometry are no longer of primary con- 
cern, perfection no more the sole or even the main 
criterion. [his new beauty depends much more on 
curious alterations brought about in the stone itself 
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by means of metallic or other deposits, or on changes 
in its shape due to erosion or serendipitous breakage. 
Some pattern or peculiar configuration appears in 
which the imaginative observer descries an unex- 
pected, in this context an astonishing and almost 
shocking copy of, an alien reality. 

Such semblances emerge from their long conceal- 
ment when certain stones are split open and polished, 
presenting the willing mind with immortal small- 
scale models of living beings and inanimate things. 
Admittedly such marvels are the result of mere 
chance, such resemblances only approximate and du- 
bious, occasionally farfetched or even arbitrary. But 
once perceived they soon become tyrannical and de- 
liver more than they promised. [he observer is al- 
ways finding fresh details to round out the supposed 
analogy. Such images muiniaturize, for his benefit alone, 
every object in the world, providing him with stable 
duplicates which he may hold in the palm of his hand, 
carry about from place to place, or put in a glass case. 

Moreover, such a duplicate is not a copy; it is not 
born of an artist’s talent or a forger’s skill. It has been 
there always: we only had to find our way into its 
presence. Ordinary rocks as well as various types of 
mineral specimens make up this prey of Pan. In 
China, poets and painters would see in a cleft stone a 
mountain with its peaks and waterfalls, its caves and 
paths and chasms. Collectors ruined themselves to 
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possess crystals in whose translucent depths they dis- 
cerned mosses, grasses, and boughs laden with flow- 
ers or fruit. An agate may shadow forth a tree, several 
trees, groves, a forest, a whole landscape. A piece of 
marble can suggest a river flowing among hills; the 
clouds and lightning flashes of a storm, thunderbolts 
and the grandiose plumes of frost; a hero fighting a 
dragon; or a great sea full of fleeing galleys, like the 
scene the Roman saw reflected in the eyes of the East- 
ern queen already planning to betray him. 

One kind frequently depicts a burning town, with 
its towers and steeples and campaniles crashing 
down. On the agate of Pyrrhus antiquity made out 
Apollo with his lyre, surrounded by the muses, each 
with her special attributes. In the seventeenth century 
Gaffarel, Richelieu’s librarian and the king’s chaplain, 
devoted a whole weighty volume to gamahés, healing 
talismans made of stones inscribed with natural astro- 
logical hieroglyphs.' Princes and bankers of the same 
period collected unusual specimens sought out’ for 
them at great expense by the numerous agents of spe- 
cialist merchants. Learned men, among them Aldro- 
vandi and Kircher, divided up these marvels into fam- 
ilies and types according to the images they managed 


Curiosités inouies sur la Sculpture talismanique des Persans: Horoscopes des 
Patriarches et Lectures des Etoiles (Curious facts about the talismanic 
Sculptures of the Persians: Horoscopes of the Patriarchs and Read- 
ings of the Stars) by M. I. Gaffarel, Paris, 1629. 


“Peak,” landscape agate (Mexico; 92 X 80mm) 


onster,’ quartz and chalcedony (United States; 103 X 
115 mm) 


to distinguish in them: Moors, bishops, lobsters, 
streams, faces, plants, dogs, fishes, tortoises, dragons, 
death’s heads, crucifixes—everything a mind bent on 
identification could fancy. The fact is that there is no 
creature or thing, no monster or monument, no hap- 
pening or sight in nature, history, fable, or dream 
whose image the predisposed eye cannot read in the 
markings, patterns, and outlines found in stones. 

The more unusual, definite, and undeniable the im- 
age, the more the stone is prized. Stones that offer 
rare and remarkable likenesses are regarded as won- 
ders, almost miracles. They should not exist, and yet 
they do, at once impossible and inescapable. At the 
same time they are treasures, the result of thousands 
upon thousands of chances, the winning number in 
an infinite lottery. [hey owe nothing to patience, in- 
dustry, or merit. They have no market rate or price. 
Their value is not commercial and cannot be calcu- 
lated in any currency; it laughs both at the gold stan- 
dard and at purchasing power. It is not convertible 
into labor or goods. It depends solely on the covet- 
ousness, pride and competitiveness generated by the 
desire to possess or the pleasure of possessing them. 
Each stone, as unique and irreplaceable as a work of 
genius, is a valuable at once pointless and priceless, 
with which the laws of economics have nothing 
to do. 

That being the case, they are frequently regarded 
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as amulets and talismans. [he owner of such a won- 
der, brought into being, discovered, and delivered 
into his hands through an inconceivable concatena- 
tion of chances, easily comes to believe that it could 
have come to him only through some special inter- 
vention of fate. He grows passionately attached to it, 
thinks of it as a guarantee of health and success. But 
we are not concerned here with the magical virtues 
superstitition attributes to stones inscribed with im- 
ages, nor even with the joyful gloating of their 
owners. 

In some Eastern traditions insight may be obtained 
from the strange shape or pattern in a gnarled root, 
a rock, a veined or perforated stone. Such objects may 
resemble a mountain, a chasm, a cave. [hey reduce 
space, they condense time. [hey are the object of 
prolonged reverie, meditation, and self-hypnosis, a 
path to ecstasy and a means of communication with 
the Real World. [he sage contemplates them, ven- 
tures into them, and is lost. Legend has it that he 
never returns to the world of mankind: he has entered 
the realm of the Immortals, and become an Immortal 
himself. 

I leave such fabulous emotions to their fate, con- 
cerning myself only with the present-day competition 
between the products of nature and the works of 
painters and sculptors, whether nature’s offerings ap- 
pear to represent something or are pure sign. Artists 
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“Likeness of a face,’ jasper (United States, 71 X 165 mm) 


have added to them or merely signed and framed 
them as they were, thus putting them in the same 
category as pictures. So they must have found some 
correspondence or element in common between their 
own creations and these works executed by no one. 
The juxtaposition should be revealing. At the very 
least it brings out some strange reversals. We have 


seen modern painters first give up trying to repro- 
duce their models exactly, then abandon models al- 
together and eschew any kind of representation. And 
those markings on stones are considered most inter- 


esting which do not represent anything. Yet at the 
same time those rarer stones that do seem to depict 
something are coming back into favor. It is strange to 
think that nature, which can neither draw nor paint 
any likeness, sometimes creates the illusion of having 
done so, while art, which has always been successful 
at resemblances, renounces its traditional, almost in- 
evitable and “natural” vocation and turns to the cre- 
ation of such forms as nature itself abounds in— 
mute, unpremeditated, and without a model. 

This inversion in the order of things seem simul- 
taneously to reveal and to conceal a problem. lo clar- 
ify the data of the problem, though | do not promise 
to find its solution, I shall try to define the ways in 
which nature sometimes gives us the impression of 
representing something. I should also like to explain 
the strange attraction of these manifestly illusory 
likenesses. 
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INTRODUCTION 


When large current is conducted in highly resistive soil, suf- 
ficient heat can be produced to fuse the soil and create a fulgu- 
rite, a glassy, tubular object. The fulgurite has a slightly ellipti- 
cal tubular shape, approximately .5 to 2 cm in diameter. Usu- 
ally the inner walls are smooth and glassy, but the exterior sur- 
face is rough and rock-like. In nature, lightning can create fulgu- 
rites when cloud-to-ground flashes strike the earth, producing 
underground current channels. 


Very little is known about the production of fulgurites, and 
the processes associated with lightning that are capable of form- 
ing them are of great interest. The cloud-to-ground flash be- 
gins with a stepped leader, a predischarge that propagates from 
cloud towards the ground when sufficient negative charge is 
accumulated at the base of the cloud. The average current 
that flows through this leader is of the order of 100A for tens 
of milliseconds. The stepped leader is immediately followed 
by a return stroke. The return stroke is an upward-moving 
discharge launched from the ground along the stepped leader 
channel. This return stroke typically propagates between the 
ground and cloud base in 70s using the leader channel as its 
transmission medium. The peak current, about 30kA, is 
reached within a few microseconds and falls to one-half peak 
value in 20-60us. If the lightning is a multiple stroke flash, a 
dart leader could traverse the channel and initiate another 
return stroke typically after many tens of milliseconds. The 
peak current of subsequent strokes is about 10-15kA. After 
some strokes a continuing current of about 100A can flow for 
longer times than that of the return stroke current (in the 
order of 100ms) [1]. Of these primary lightning processes, 
the return stroke is most likely responsible for the fulgurite 
production; this conjecture is based upon the data collected 
in 1993 by Kumazaki et al.[2] in an experiment to produce 
fulgurites at a high voltage laboratory, inside a container (in- 
side dimensions of 132 X 1480mm) using high energy arcs 
from an impulse generator. Fulgurite production rates were 
recorded for several current magnitudes and discharge times. 
The highest production rate occurred with a discharge time 
of 20-50us and within a current range of 5-15kA, typical sub- 
sequent return stroke values. 

Kumazaki et al.[3] also successfully produced a fulgurite in 
the same container using rocket triggered lightning. This ex- 
periment consisted of a rocket trailing a wire connected to an 
electrode in one end of the container of raw materials (sand 
taken from the riverside of the Tempaku River, Japan), with 
another electrode on the other side of the container connected 
in series with the measuring equipment to ground. After two 


triggerings the container was opened and a fulgurite 3 cm long 
with an outer diameter of 1 cm was found. 

The data contained within were obtained in an experiment 
by the University of Florida, Centre d'Etudes Nucleaires de 
Grenoble (CENG), and Power Technologies Inc. (PTI) testing 
the effects of lightning on unenergized power distribution sys- 
tems performed from June to September 1993[4]. In this phase 
of the experiment, three 15kV cables were buried five meters 
apart at a depth of one meter in a cleared field at Camp Bland- 
ing, Florida to measure the responses, voltages and currents, of 
buried cables to lightning strikes directly to the earth. Light- 
ning was artificially triggered using rockets trailing grounded 
wires. These rockets were launched at various positions along a 
launching track positioned over the cables. A sketch of the 
launching track is shown in Figure 1, and a photograph of the 
excavation/launching site and is shown in Figures 3 and 4. About 
20 lightning flashes were triggered in the 1993 experiment. The 
leader/return stroke sequences in triggered lightning are believed 
to be similar to subsequent leader/return stroke sequences in 
natural lightning. 
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Figure 1: Launching track with location of buried cables. 


1) directly buried 15kV cable 2) 15kV cable with exterior shield 3) 15kV cable in a 3 
inch PVC pipe 4) launch Rails 5) area excavated. F1, F2, F3) Fulgurites FLAT) Flat 
fulgurite 


Data recorded for each lightning flash included the current, 
horizontal magnetic field (at 50 and 110 meters), and vertical 
electric filed (at 30, 50 and 110 meters). An important product 
of this experiment was the creation of fulgurites attached to the 
power cables in the earth surrounding the launch site. 


While other experiments have produced fulgurites in con- 
tainers using triggered lightning and high voltage arcs, it is be- 
lieved that this is the first success in the artificial production of 
fulgurites in the natural earth. 


DATA AND RESULTS 


In May - June 1994, the site was excavated, and the fulgu- 
rites were found. The excavation process was a slow, methodi- 
cal one. The entire launch site, approximately 4 X 20m, was 
first cleared of the grassy top layer (at the time of the light- 
nings, there was no vegetation, however, it had grown back 
during the year between triggering and excavation). Then layer- 
by-layer the soil was removed until each fulgurite was located. 
Once the fulgurites were located, archaeological recovery meth- 
ods were used to remove them. Three complete vertical fulgu- 
rites were unearthed, along with numerous branches and frag- 
ments. 

Since the temperature of the lightning channel is related to 
the amount of current conducted in the channel, the current 
measurements for the return strokes are very important. The 
average return stroke current produced in the triggered light- 
ning was 14.8kA with a standard deviation of 7.8kA. A histo- 
gram of the maximum current magnitudes is shown in figure 2. 

Several of the flashes recorded were multistroke flashes; some 
flashes had up to seven return strokes. Thus, there could be 
several current pulses following the same path and contribut- 
ing to the formation of the fulgurite. Unfortunately it is not 
known which flashes produced the individual fulgurites. There 
are three distinct fulgurites connected to the buried cables, while 
the total number of triggered flashes is about 20. 

The fulgurite labeled F1 is pictured in Figure 5. F1 is a nearly 
vertical tube beginning under the southern concrete rail and 
ending at the first buried cable. The exterior surface of the fulgu- 
rite was mostly granite gray with patches of a milky white color. 
There were numerous craters (openings) and bumps on the 
surface that looked as if branches were being formed but were 
not able to develop away from the main trunk. Through these 
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craters the smooth, glassy interior surface is visible. The cable's 
insulator was penetrated by the lightning strike where the fulgu- 
rite connected to the cable. A close up photograph of the dam- 
age to the first cable is shown in Figure 6. During excavation 
F1 was broken into several pieces and had to be reconstructed. 
The fragility of these fulgurites could have been due to the 
shockwaves generated during the subsequent lightnings trig- 
gered in the relatively small area. The constant heating and cool- 
ing of the soil, from the numerous lightning, as well as natural 
weather changes over the year interim, could have also caused 
the thin walls of the fulgurites to expand and contract contrib- 
uting to their condition. To strengthen the fulgurites and limit 
the amount of reconstruction necessary, a clear plastic harden- 
ing compound, Polyvinyl Butyral, was brushed on the fulgu- 
rites and surrounding soil. 

The second fulgurite was excavated over the next buried 
cable. This cable was an exterior shielded cable, but also was 
damaged by the lightning flash. The fulgurite labeled here F2 is 
pictured in Figure 7, and is also nearly vertical with a length of 
approximately 1 meter and an average diameter of 1.5 centi- 
meters at the top and about .4 centimeters at the cable. This 
fulgurite was the most complete fulgurite excavated, because it 
was unearthed in one piece with very little reconstruction nec- 
essary. F2 also started underneath the concrete rail and traveled 


Figure 3: A photograph of the launch site during the excavation; the third fulgurite is 
barely visible by the shovel. 


Figure 4: A close-up photograph of the excavation site and the launch rail. 


down until making contact with the buried cable. A close up 
photograph of the damage done by this lightning is shown in 
Figure 8. Both fulgurites were connected to the underside of 


Figure 5: Fulgurite F1 after excavation and reconstruction. F1 is about 1 meter long 
and terminated at the first 15kV cable. 
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Figure 6: A close-up of the damage to the first 15kV cable from the strike(s) that 
created fulgurite F1. 


the concrete rail and ended by penetrating the insulation of the 
buried cable. An interesting horizontal fulgurite was found be- 
tween fulgurites Fl and F2 on the underside of the concrete 


Figure 7: Fulgurite F2 started under the launching rail and terminated at the second 
buried cable. 


Figure 8: Fulgurite F2 during the excavation process. The fulgurite is encased in a 
Sure StS See : ’ : 
protective jacket to minimize damage during excavation and transportation. 


rail. This flat fulgurite was about 2mm thick, 3cm wide, and 
5m long, and is pictured in Figure 9. The fulgurites might have 
connected to the railing because the conductivity of the rein- 
forcement steel rods inside the cement or perhaps the moisture 


Figure 9: The flat fulgurite found between the fulgurites F2 and F3 underneath the 
southern concrete ie 


Figure 10: The third fulgurite was not completely vertical, but it did travel toward 
and connect with the third cable. 


trapped in the railing made the rail a preferred path for the 
lightning to pass through. Because these fulgurites were quite 
long, they were difficult to unearth and transport. Figure 10 is 


Figure 11: A close up of the damage done to the PVC pipe surrounding the third 
15kV cable. 


a picture of part of the excavation process for fulgurite F2. In 
this photograph the fulgurite has been encased in a jacket, or 
cast, with most of the soil still around it to prevent it from 
being disturbed during transport. The entire jacket is brought 
to a laboratory where the fulgurite can be removed in a more 
suitable environment using the proper equipment. 

The third distinct fulgurite found was the longest one cre- 
ated in the experiment. While it only traveled from slightly 
below the top soil to the third cable, about a meter down, it did 
not travel directly down like the other two fulgurites. The path 
of this fulgurite, F3, was in steps, and is shown in Figure 11. 
Like the previous two vertical fulgurites, F3 also made contact 
with the buried cable, damaging the cable and 3 inch PVC 
pipe encasing the cable. The pipe was melted and distorted where 
contact occurred. A close up photograph of this damage is shown 
in Figure 12. 

In the soil between F2 and F3, several centimeters deep, 
many relatively small fulgurite fragments were found. Some of 
these fragments were sphere shaped with a diameter of about 
1-2mm, while others were tube like branches resembling limbs 


on a treebranch. Since these fragments were found near the 
surface, they could have been created by surface flashes, similar 
to the flash shown in Figure 13. Figure 13 was acquired, cour- 
tesy of Fisher and Schnetzer, from an experiment in Ft. 
McClellan-1993 but, several surface flashes were also observed 
during the UF/PTI experiment. 

The ability of the earth to dissipate current discharges from 
lightning depends on the earthing resistance of the plasma chan- 


Figure 12: An example of a surface arcing caused by lightning triggered at Ft. 
McClellan, Alabama by sandia National Laboratories of Alberquerue, New Mexico 
(courtesy of R. Fisher). 


CEA-DRN-DTP-STI-LASP 1993. Rocket Triggered Lightning Experiment -EPRI/PTI -RTL. Test Facility 
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CEA-DRN-DTP-STI-LASP 1993. Rocket Triggered Lightning Experiment -EPRI/PTI -RTL. Test Facility 


nel formed by the flash. The earthing resistance of the elec- 
trode (the lightning channel) is an ohmic resistance of the soil 
surrounding the electrode and can be approximately calculated 
for various electrode designs. The earthing resistance for the 
triggered lightning discharges can be roughly calculated using 
fulgurites Fl and F2 as preserved shapes of the plasma chan- 


CEA-DRN-DTP-STI-LASP 1993. Rocket Triggered Lightning Experiment -EPRI/PTI -RTL. Test Facility 
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Figure 13: Examples of triggered-lightning return-stroke currents measured by CENG 
at Camp Blanding, Florida 1993. 


nels during each respective flash. Since these fulgurites are basi- 
cally vertical tubes, the earthing resistance can be calculated 
using a vertical rod model, with the lengths and diameters de- 
scribed by the fulgurites. The equation approximating the 


P L 
earthing resistance forarodis: &==——(In oe -1) where 
8 2nL d 


p, resistivity, is the resistance in Q for a 1m cube of homoge- 
neous soil, and Z and dare the length and diameter of the rod 
respectively [6]. The earthing resistance for the surface flashes 
can also be approximated using an electrode model consisting 
of a metal strip about 3cm in diameter of various lengths. The 
equation approximating the earthing resistance for a strip elec- 
= - In ee where L and dare estimated 
from visual measurements during the flashes and known sur- 
face channel parameters [6]. PTI measured the soil's resistivity 
to be about 4000 Q-m around the sandy launch site, and this 
value can be used for both calculations. Table 1 shows the ap- 
proximate earthing resistance for the vertical and surface plasma 
channels generated by the triggered lightnings. 


trode is: 


CONCLUSIONS 


In the present study fulgurites were created in the earth us- 
ing triggered lightning. It was uncertain which lightning pro- 
cess fused the sand into the glasslike material, so many of the 
cloud-to-ground processes were inspected. From the character- 
istics of these processes (stepped leader, return stroke, dart-leader, 
and continuing currents) and data by Kumazaki et al [2], from 
creating fulgurites in the laboratory, the return stroke is most 
likely the process that creates fulgurites. This conjecture could 
be further tested with other experiments using triggered light- 
ning and high energy arc generators. In triggered lightning ex- 
periments, the measuring equipment should be capable of re- 


Electrode Length Diameter Earthing 
Model Resistance 
lm 3cm 
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Table 1: 


cording the entire lightning flash to determine if other pro- 
cesses, other than the return stroke, have a substantial influ- 
ence on the fulgurite's creation. The experiments in high volt- 
age laboratories could provide a controlled environment where 
current magnitudes and time intervals could be established for 
different types of soil. In these experiments, it would be better 
to use large containers of soil, relative to the small containers 
used in the high voltage lab experiments mentioned in the text; 
the creation of fulgurites in these large containers would prob- 


ably better simulate natural creation in the earth. With these 
experiments maybe a better understanding of how nature cre- 
ates the beautiful phenomena known as fulgurites. 
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Dreface 


Due to their very nature, the development work on 
transistors has been restricted to a few elaborately equipped 
laboratories, and the findings of these establishments have been 
published in highly technical terms, which are, to a large extent 
incomprehensible to the radio enthusiast, 


The Publishers have much pleasure in presenting for the 
first time in Great Britain, detailed step-by-step instructions for the 
construction, forming, and testing, of home made transistors. 


Explanations are supplied for all the basic transistor 
circuits, in an easy to follow manner. The reader is then shown 
how to put these basic circuits to practical use. Two or more basic 
circuits are then combined to form more advanced designs, and with 
an eye on the future, details have been given of circuits incorporating 
commercially made transistors. 


The author (J. Kendall), whose inimitable style will by now 
be familiar to many of our readers, has once again satisfied a much 
felt need for information of a practical nature. 


JOHN K. MURRAY. 


Assistant Technical Editor. 
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CHAPTER 1 
HOME CONSTRUCTION 


The transistor is by no means new, but it is only of late that it has 
become news. It is a fascinating device that can be made by the average 
amateur constructor. It takes trouble, time, and patience, but on the other 
hand the commercial versions are extremely expensive and in short supply. 
The writer has made a number of point contact transistors, one type using 
“Cats Whiskers” from germanium diodes to form the contacts, and another 
pieces of razor blade soldered on wires. These latter did not give the service 
of the whisker contact models. 


Perhaps a little on the history of Germanium will not be out of place. 


It can be obtained from various sources—from soot, or zinc ore, in fact 
it has been used for filling teeth in dentistry. During the late war, minerals 
were required to make diodes for detection in Radar equipment, germanium 
reacted favourably on test, and consequently quite an amount of research was 
carried out on this material. Its characteristics as a diode are well known. 
What is not generally realised is that 100% pure germanium is useless for 
radio work; impurities, even though in minute quantity, are essential to make 
it suitable for radio application. These impurities are such a variable factor 
that at the moment, it is not possible to manufacture a number of transistors 
and predict the characteristics before they are made. At least one firm 
makes transistors using a certain grade of a germanium under closely guarded 
conditions, but they still have to be graded on completion. 


There have been articles published on the construction of the transis- 
tor from time to time, the author has made them, and experienced no great 
difficulty in producing working specimens. Materials required are shown in 
Fig. 1. They consist of fine files, a glass rod, a clamp, a few pairs of 
ee a chemicals, some sheet Perspex, and a quantity of germanium 

es. 


The chemicals required are, trichlorethylene for use as a solvent for 
certain plastics, carbon tetrachloride and a solution of Perspex in chloro- 
form. This solution is produced by placing a few shavings of sheet Perspex 
in a wide-necked bottle and covering them with chloroform. This will, pro- 
vided that the stopper is replaced, dissolve the Perspex into a jelly which can 
be thinned down to a consistency comparable with gum arabic. It is easier 
to thin the solution than it is to thicken it. Trichlorethylene can be used as 
a base for thinning, but it is not as good as chloroform. A solution of Perspex 
in trichlorethylene tends to be more crystaline on solidifying, than is the 
case when chloroform is used as the solvent. The latter is therefore stronger. 
The glass rod is to spread the Perspex solution. 
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The clamp is used for breaking the giass container of the germanium 
diodes. Fine files, both round and triangular are required for cutting grooves 
etc. in the Perspex mountings. 


A piece of Perspex of 1/8th” thickness should be cut into small bars 
1” in length and 4” wide. Since these pieces will be used in pairs an even 
number will be required. Each pair will consist of one plain and one 
grooved bar as shown in Fig. 2. 


The next item is the “breaking” of the germanium diodes—the 
author has used quite a number of surplus types and found that those with 
the glass envelopes are the easiest to handle. Place the diode in the clamp 
and then tighten slowly until the glass is broken—this method saves damag- 
ing the “ cats whisker” and the germanium, Use of a hammer is not advised; 
it will result in damage to one or both diode components. Two “ whiskers ” 
and one piece of germanium should be mounted on the grooved piece of 
Perspex already prepared. Bending the support wires of the component parts 
and the use of a piece of Sellotape as shown, will keep them steady whilst 
the solution of Perspex is spread with the aid of the glass rod. Fig. 3. 


A plain piece of Perspex should be placed over the wires while the 
cement is still wet. The assembly should be set aside in a warm place to 
allow the cement to harden. Great care should be exercised owing to the 
anaesthetic properties of the chloroform vapour, and this operation should 
only be carried out in a well ventilated room. The constructor may not be 
aware of the danger until he is almost on the point of collapse. WORK 
CLOSE TO AN OPEN WINDOW, AND TRY NOT TO INHALE THE 
VAPOURS. If these precautions are observed, no danger will be incurred. 
The drying of the cement should be thorough, or there will be a tendency 
for the two Perspex plates to part. 
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tion, 


The whiskers should be adjusted by bending the support wires, so that 
they are both making contact with the surface of the germanium. The 
whiskers should then be further adjusted with the aid of a pair of fine tweezers 
so that they touch. In the finished transistor the two whiskers are not in actual 
metallic contact with each other, in fact they should be separated by a very 
minute amount. This delicate adjustment can be obtained with the aid of a 
human hair, which should be passed between the two whiskers to separate 
them by one (literal) “ hair’s breadth.” Fig. 4. Other materials can be used 
for the spacing, for example certain types of cigarette paper are sufficiently 
thin, being only .001” in thickness. Mica or metal foil can be used for separ- 
ating the whiskers, but these materials have the disadvantage that the friction 
of a flat surface drags the whiskers away from the germanium when the spacer 
is removed, with the result that they srring together again. If an insulating 
material is used it can be left in position but in some cases this may cause the 
transistor to be microphonic. This latter complaint, as well as a considerable 
amount of noise can result, if the whiskers are not exerting sufficient pressure 
on the germanium. 

If the germanium or the whiskers are touched with the hands during the 
construction, a small amount of grease will inevitably be deposited which will 
impair the action. To remove any traces of grease, the assembly should be 
immersed in a jar of CLEAN carbon tetrachloride, taking care not to immerse 
the Perspex strips since they may tend to dissolve. It is important to use clean 
carbon tetrachloride, since any impurities will be left behind when the liquid 
evaporates. After immersion, any excess droplets should be removed by the 
careful application of blotting paper, and the assembly should then be left to 
dry by evaporation. 
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SPACING MATERIAL 


BETWEEN _ BLADES. 


It cannot be over-emphasized that the adjustment of the whiskers on 
the diode is a very delicate job, and that it needs a very steady hand and a keen 
eye. Good lighting is essential and the operation is best performed over a 
piece of matt white paper. The choice of tweezers is very important which 
should be of the surgical type with a good grip. The dental type with the 
curved ends are well suited to the job, since they enable one to adjust the 
second whisker without disturbing the one which has previously been 
positioned, 

The author has made a second type of transistor using pieces of razor 
blade soldered to the ends of stiff pieces of wire. No. 18 s.w.g. was chosen, 
but there is no reason why a lighter gauge should not be used, providing that it 
is sufficiently stiff. 
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The choice of solder is quite important, and after several unsuccessful 
attempts, the author tried Multicore ARAX solder. This solder which is 
obtained in wire form, contains the correct amount of flux, and will even tin 
blued steel without cleaning. This latter property is quite important since the 
cleaning of a blade can remove the edge and reduce the efficiency of the 
complete transistor. 


Having soldered both pieces of razor blade to their respective wires, all 
traces of ARAX flux should be removed by washing in hot water followed 
by a dip in carbon tetrachloride—ARAX flux is corrosive and should never 
be used for any other purpose than soldering steel. 


GLASS TUBE GERMANIUM IN RAZOR BLADES. 
V2" LDIA. APPROX, HOLDER. 


PFE SS SS LL LEX 


SUPPORT WIRES BENT HARD WAX PLUG, INSULATED SPACER, 
TO PREVENT MOVEMENT. 


Fig. 6. 


The support wires should be mounted in such a way that the soldered 
connections are on the outside when they have been bent into their final posi- 
tion. Fig. 5. The angle of the two pieces of blade should be adjusted so that 
the cutting edges are parallel to each other, and also so that the ground sur- 
faces of the blade are evenly together; if this is done a spacing material can 
be used, and as stated previously a piece of cigarette paper or mica is ideal. 
The method of rough setting of the “ Razor” type of transistor is much the 
same as the point contact type. Alternatively the two pieces of blade can be 
adjusted first, and the germanium moved into position afterwards; both 
methods having been tried by the autt or. 
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This type has been found to be less sensitive and less noisy, but more 
robust than the point contact variety. There seems to be no reason why the 
assembly could not be modified for mounting in a glass tube as shown in 
Fig. 6. Here it is suggested that the two mounted blades should be first set 
in a suitable insulating material—a hard wax is suggested. The germanium 
should be mounted in the other end of the tube, and positioned so that it 
presses against the two blades. Care should be exercised to avoid altering the 
relative positions of the two blades. 


The constructor must bear in mind that the adjustment of the point 
contact transistor is an extremely delicate task and requires much patience. 
After a number of unsuccessful attempts, the constructor will probably evolve 
his own method. The author has found that placing his elbows on a table 
gives sufficient support. Alternatively the free ends of the support wires could 
be held in a clamp or small vice, thus enabling the constructor to use one hand 
to steady the other. 


The cost of construction is comparatively low when compared with 
commercially made transistors, and germanium diodes are readily available. 
On the other hand, transistors are at present limited to research and develop- 
ment laboratories and are only released in very restricted quantities. 
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CHAPTER 2 


TESTING TRANSISTORS 


Having completed the transistor, the constructor who is of an enquiring 
mind will want to know how to assess its performance. 

A few preliminary checks are in order, and the following procedure is 
recommended, 

(1) Using an ohmmeter, check the resistance between the two points. 
The germanium or “ base” should be left floating during this test. 

__ A short circuit indicates that the contacts require readjusting, and a 
satisfactory figure should be in the region of | megohm. 

(2) To check the fact that both contacts are on a sensitive portion of 
the germanium it is necessary to find out whether diode action is present. 

First it will be necessary to find out the polarity of the ohmmeter: 

A number of multi-range instruments are so arranged that the normal positive 
connection (Red lead), carries a negative potential when the instrument is 
switched to read resistance. Having ascertained which is the negative terminal, 
connect it to the germanium (base), and measure the resistance to each contact. 

The reading should be approx. 500% and should not exceed 10002. 

Reverse the meter connections so that the actual positive lead is con- 
nected to the base. Readings between the base and each contact should be 
between 0.25 to | megohm. 

If the meter readings fluctuate badly, it will be necessary to increase the 
contact pressure. 

(3) Leaving the actual positive lead connected to the base, connect the 
negative lead to one of the contacts, which is going to be tried in the role of 
collector. 

Using a 4.5 volt flash-light battery in series with a limiting resistor of 
about 5k2, make the other contact (emitter), positive with respect to base. 
Fig. 7. 

The collector/base resistance should fall considerably, though the effect 
may be only slight. 

(4) Interchange the two contacts, and repeat test 3, using the former 
“ collector ” in the role of “ emitter.” One way round will give a bigger 
percentage change than the other, and this having been determined, the emit- 
ter and collector terminals should be clearly marked. 

The next part of the process is that of “ forming ” the transistor. The 
exact theory of what happens when a transistor is formed is highly complex 
and even now only partially understood. 

Sufficient it is to say that a properly formed transistor will have a 
power gain of 15 times that of an unformed one. 
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There have been several methods suggested for carrying out the process 
and the one set out below has been well tried 

Connect the transistor as shown in Fig, 8. A source of D.C. will be 
required, which is variable from —100 volts to about —250 volts in 25 volt 
steps. 

The condenser C should be quite small at the start, but it has to be 
increased in value during the process. 

Start by using a SO0pF. capacitor which should be charged to approx. 
—100 volts via resistor R. Throw the switch to the discharge position and 
then measure the collector/base resistance as before (Fig. 7), both with and 
without emitter bias applied. The charging voltage should be increased in 
25 volt steps, until —250 volts has been reached. In between each discharge, 
the collector/base resistance should be measured. (The ohmmeter should of 
course be disconnected before discharging the condenser!). 

The process should be repeated using a larger capacitor after each volt- 
age maximum, until the collector resistance has fallen to about 1.2k& with 
bias, or to below 12k without bias. 

The mutual conductance of the finished transistor can be measured by 
the following method. Connect as shown in Fig. 9, and proceed as follows. 

(1) Close S, and measure the collector current I, on meter M,. 

(2) Leaving S, closed, complete the emitter circuit by closing S,. 

The new collector current L, should be noted. 

The mutual conductance is given by:— 


mA/V. 
1.5 

The second meter M, is not essential to the test, but in a healthy tran- 
sistor an emitter current ranging from a few _micro-amperes up to about 
3 mA. can be expected. 

The characteristics of home made transistors are bound to vary within 
very wide limits, and the following figures are only intended to act as a very 
rough guide. 


Applied collector volts max. aes ... —40 volts. 
Peak collector volts ... ... ie ... —75 volts. 
Collector current max. ows ah ak 25 mA. 
Max. collector dissipation ... 538 a 50 mW. 
Max. emitter current +e i? a 5 mA. 


(QO mA FSD. 


16 THE BOOK OF THE TRANSISTOR. 


Fig. 10 gives an idea of the curves which should be obtainable from 
a transistor which is functioning satisfactorily. 

So far only the static characteristics and behaviour of the transistor 
have been considered. The next test, for which a signal source and an oscillo- 
scope are necessary, concerns its dynamic behaviour; this enables the 
constructor to find out in a practical manner what is the best value of emitter 
bias to apply. 

There are two tests that are of importance, the first being for distor- 
tion when used as an audio amplifier, and the other for checking detection 
distortion. The best method is to connect an audio frequency generator to 
the horizontal amplifier of an oscilloscope, and to apply the same frequency 
supply to the transistor under test, this ensures that the trace will be 
stationary on the screen of the oscilloscope. 

The test for audio distortion is shown in Fig. 11. The audio signal is 
amplified by the transistor in a biased condition, and the trace should be in 
the form of a diagonal line on the screen. If distortion is present, it will be 
noticed that the trace “ bends” at one or both ends. It is quite probable that 
the trace will appear as a double line on the screen, this is due to a small 
degree of phase shift in the circuit. This effect has been kept to a minimum 
by the use of large value coupling components; a 4 mfd. paper condenser being 
used in Fig. 11, and a .01 mfd. mica condenser in Fig. 12. 
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Variation of the bias voltage applied between the emitter and base, will 
reduce the distortion. A compromise value should be found which gives low 
distortion consistent with a reasonably low current. 

Checking for detector distortion is very similar, and is shown in Fig. 12. 
In this case the transistor is operating in an unbiased condition. 

At very low signal levels, distortion will be present, but as the signal is 
increased the distortion should diminish. 
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Ganged Switch 


ALC. input signal from 
NG low Z source, Oscilloscope. 


A simple method of measuring the voltage gain of the transistor is 
shown in Fig. 13. It can be seen that the method is by comparison of the 
input signal, with and without am lification. 

A squared scale or graticule will be required for the oscilloscope, and 
the procedure is to note how many divisions the un-amplified signal occupies. 
The amplified signal should then be examined without altering the oscilloscope 
gain control, and the increased number of divisions divided by the first. 


Example : — 
Without amplification... sos sed 5 divisions. 
With amplification ae eae ae 50 divisions. 
50 
Voltage gain = ——— = 10 
5 


The circuit in Fig. 10 has no voltages given, and these values are left to 
the experimenter. 

The bias voltage applied to the emitter is normally 1.5 to 3 volts. The 
H.T. voltage on the collector may be varied within wide limits, from 4.5 volts 
up to 30 volts. 

Above a certain collector voltage, noise will become increasingly 
evident. This will show as an irregularity or “fuzziness” on the oscillo- 
scope trace, which will be present even when the input is disconnected. 
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TRANSISTORS & THEIR PECULIARITIES 


Transistor circuit technique is very different to its valve counterpart for 
several reasons. 

In the case of a triode valve, the input impedence approaches infinity, 
and the output impedence is relatively low. The triode valve is therefore a 
voltage operated device which consumes very little energy in its grid circuit, 
and which produces large changes in anode current for a given change in grid 
potential. 

The transistor is a current operated device. When the signal is applied 
to the emitter, the input impedence is very low and ranges between 502 to 
IK. The output impedence depends upon the germanium used, but will be 
between 50K 2 and 250K. Thus a small change in input current produces 
a change in output current at a higher impedence. 

This state of affairs prevents the use of resistance capacity coupling 
between stages, and step down transformer coupling is normally employed. 
A transistor can be coupled satisfactorily to a thermionic valve by resistance- 
capacity methods. 

For those who intend to develop their own circuitry, the following 
comparisons may prove helpful. 


Earthed Base. 


Fig.4 


Input impedence approx, 502. 

Output impedence approx. 200kQ. 

Power gain of approximately 20db. depending on the value of RL which should 
be varied between 1kQ and 15k. 

Simiiar to a GROUNDED GRID TRIODE. 
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Earthea Emitter, 


Fig. 15. 


Input impedence approx. \kQ. 

Output impedence approx, 50k. 

Power gains of up to 30db. depending on the value of RL which should be in the 
region of 20kQ. 

Similar to a triode with an EARTHED CATHODE, 


Earthed Collector. 


Fig.t6. 


Input impedence approx. 200k Q but varies greatly according to the value of RL. 
RL can be anywhere in the range of 4002 to 10KQ. Power gain is approx. 
10db., and remains reasonably constant despite variations of RL. This circuit 
behaves much the same as a normal CATHODE FOLLOWER. 
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INPUT IMPEDENCE IN M.S. 


Fig. 17 


It must be stressed that the values and comparisons given are in no way 
accurate, and depend entirely upon the transistor used. Another difference 
between the triode and the transistor, lies in the considerable interaction which 
exists between the transistor electrodes; an effect which is negligible in the 
triode valve. 

The earthed collector circuit is perhaps the most difficult to understand. 
The interaction between the value of output load resistor, and the input 
impedence is very pronounced, and Fig. 17 will give the experimenter some 
idea of the way a circuit of this nature behaves. 

The commercial transistor is very easily damaged by overload, and the 
home-made variety is no exception. Home-made transistors have the advant- 
age that they can in many cases be re-set. It is recommended that new 
whiskers should be used, but the old ones can be salvaged providing they are 
cleaned very carefully before re-assembly. The re-set transistor will require 
forming in the same manner as a new one. 

The point contact transistor was the first type to be developed, but 
recently the Bell Telephone Co. started manufacturing the co-axial transis- 
tor. The base of a co-axial transistor is a thin plate of germanium 0.02” 
thick, in the faces of which two indentations are ground, and the two contact 
points are applied co-axially, one in each hollow. These transistors are very 
small in physical size being only 1/8” in diameter. 
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A development of the co-axial transistor; the Surface-Barrier Transis- 
tor has been announced recently in which the indentations are made by an 
electro-etching process, 

Very fine streams of an electrolyte are directed at the two faces of a 
thin plate of germanium, and a small current passed through the jets, thus 
etching away the surface. When the germanium has reached the required 
degree of thinness, the current is reversed, and microscopic electrodes are 
deposited in the hollows by an electro-plating process. A salt of Indium is 
used as the electrolyte, so that the hollows become Indium plated. Wires are 
connected to the Indium electrodes, and each unit is then sealed. 

It is claimed that no forming process is necessary with this type of 
transistor and that its performance far exceeds other types in R.F. 
applications. 

The early types of transistor lead to the development of the “Junction” 
transistor, which is used where greater powers need to be handled. 

Before the Junction Transistor can be explained, it will be necessary to 
explain that there are two types of germanium, N type, and P type. 

N type germanium is the only kind used for the manufacture of 
germanium diodes in this country, although P type diodes are used for certain 
special applications in the U.S.A. 

N type germanium can be regarded as being negative with respect to 
the P type. 

In the very unlikely event of the constructor utilizing a P type 
germanium diode for the home-made transistor, it would be found that the 
polarities of both supplies would have to be reversed, ic. The emitter would 
have to be biased negative and the collector positive. The chances of P type 
germanium being encountered in a diode are so remote in this country, that 
the constructor need have no cause for concern. 
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IK. The output impedence depends upon the germanium used, but will be 
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This state of affairs prevents the use of resistance capacity coupling 
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Earthea Emitter, 


Fig. 15. 
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Similar to a triode with an EARTHED CATHODE, 


Earthed Collector. 
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10db., and remains reasonably constant despite variations of RL. This circuit 
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between the triode and the transistor, lies in the considerable interaction which 
exists between the transistor electrodes; an effect which is negligible in the 
triode valve. 

The earthed collector circuit is perhaps the most difficult to understand. 
The interaction between the value of output load resistor, and the input 
impedence is very pronounced, and Fig. 17 will give the experimenter some 
idea of the way a circuit of this nature behaves. 

The commercial transistor is very easily damaged by overload, and the 
home-made variety is no exception. Home-made transistors have the advant- 
age that they can in many cases be re-set. It is recommended that new 
whiskers should be used, but the old ones can be salvaged providing they are 
cleaned very carefully before re-assembly. The re-set transistor will require 
forming in the same manner as a new one. 

The point contact transistor was the first type to be developed, but 
recently the Bell Telephone Co. started manufacturing the co-axial transis- 
tor. The base of a co-axial transistor is a thin plate of germanium 0.02” 
thick, in the faces of which two indentations are ground, and the two contact 
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tor has been announced recently in which the indentations are made by an 
electro-etching process, 

Very fine streams of an electrolyte are directed at the two faces of a 
thin plate of germanium, and a small current passed through the jets, thus 
etching away the surface. When the germanium has reached the required 
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used as the electrolyte, so that the hollows become Indium plated. Wires are 
connected to the Indium electrodes, and each unit is then sealed. 

It is claimed that no forming process is necessary with this type of 
transistor and that its performance far exceeds other types in R.F. 
applications. 

The early types of transistor lead to the development of the “Junction” 
transistor, which is used where greater powers need to be handled. 

Before the Junction Transistor can be explained, it will be necessary to 
explain that there are two types of germanium, N type, and P type. 

N type germanium is the only kind used for the manufacture of 
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special applications in the U.S.A. 
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In the very unlikely event of the constructor utilizing a P type 
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polarities of both supplies would have to be reversed, ic. The emitter would 
have to be biased negative and the collector positive. The chances of P type 
germanium being encountered in a diode are so remote in this country, that 
the constructor need have no cause for concern. 
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Certain Junction, or power type transistors can handle up to 0.5 watts. 
Three pieces of germanium go into its construction, two are identical and 
the third of the opposite polarity. Thus if two pieces are of P type germanium, 
the third piece has to be of the N variety. The germanium elements have to 
be very thin, and the contact faces are made to fit together very accurately in 
order to present the largest contact area possible. 

Junction transistors can be assembled in two ways, either with two 
P plates, or a pair of N plates. This gives rise to the designation of the 
types, as P-N-P and N-P-N. 

A positive potential is applied to the emitter with the P-N-P type, and 
a negative potential with the N-P-N type. This means that Junction types 
can be used in push-pull circuits, and also in direct coupled amplifiers. These 
employ the absolute minimum of components and enable very compact appa- 
ratus to be created. An inherent disadvantage of the junction transistor lies 
in its large self capacity, which restricts its application to audio circuits only. 
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It should be pointed out that the manufacture of junction transitors is 
highly complex, and too difficult for even the most ingenious of home con- 
structors. Nevertheless, they certainly seem to be the amplifier of the future. 
Fig. 18 shows how junction transistors can be direct coupled by using alternate 
P-N-P and N-P-N combinations. The first transistor has a small bias potential 
applied by battery A, so that it is operating on the linear portion of its curve. 
Battery B supplies bias to the second stage, and at the same time provides 
collector voltage to the first transistor. The author has not had the opportunity 
of handling any junction transistors, but understands that in push-pull circuits 
distortion is almost absent, and also that with a push-pull “ bridge” type of 
output stage, it is possible to get an output approaching two watts. 

It is also possible to use these junction type transistors to give a com- 
plementary output; Fig. 19 shows such a circuit, in which two transistors are 
used, one a P-N-P and the other an N-P-N type. Both the input and output 
are single ended, but the amplifier has all the advantages of a push-pull circuit. 

Fig. 20 shows a rather complexcircuit which is a combination of the 
two previous ones. The input transistors A & B serve two purposes, not only 
are they direct coupled drivers for C & D, but they also provide output via 

their emitters in the manner of a cathode follower circuit. 

The voltage drop across R, provides the emitter potential for transistor 
Ay and resistor ?, functions in a similar manner for transistor B. 
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The circuit can be readily understood if it. is remembered that 
aiP-N-P junction requires a positive emitter, and a negative collector, and that 
these potentials are reversed for an N-P-N junction, The collectors of C & D 
are“ earthy ” and the method of obtaining collector bias is evident when it is 
remembered ‘that .x is negative with respect to earth, and y is positive. The 
output from the emitters of A & B, combine with the output from the collectors 
of C & D, delivering a power in the region of two watts to the loudspeaker. 


CHAPTER 4 


POWER SUPPLIES FOR TRANSISTORS 


The transistor can be fed with power in several ways, and batteries are 
probably the simplest for initial experiments. The current drain is very low 
and the life should be good. Flash-light batteries are quite suitable, and have 
greater capacity than the “ Grid Bias ” type; although “ Grid Bias” batteries 
have an advantage, in that voltage changes can be more easily effected. 

The voltages required by a transistor, are governed by the grade of the 
germanium used, and it is advisable to keep the voltages as low as possible. 
Use of a high potential on the collector not only creates noise, but increases 
the chance of damage due to excessive current. 

Bias may be obtained by utilizing the voltage drop across the cathode 
resistor of an associated valve circuit. This method is shown in Fig. 21. 
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If the valve is ane that requires a low bias voltage, it may prove 
insufficient for the requirements of the transistor. In this case a circuit such 
as Fig. 22 is suggested, in which a resis'~- R, has been placed in series with 
R,. The total voltage drop is used to supply the transistor, and the valve grid 
return is tapped off the junction of R, & R,. The bias applied to the valve 
is thus the voltage drop across R, only. It is important that the two resistors 
should be decoupled by the use of suitable condensers, C, & C,. Figs. 21 & 
22 show the transistor operating with an unbiased emitter, as would be the 
case with a transistor detector. 

If emitter bias is provided, both circuits would be suitable for audio 
applications. C, & C, should be increased in value to become 50 mfd. electro- 
lytic condensers in this case. 

Before proceeding further, perhaps a few words of warning would not 
be out of place. 

The experimenter, who has lavished considerable care on the construc- 
tion of a transistor, will naturally want to take all due precautions to prevent 
premature failure. 

The three main causes of failure can be listed as follows ;— 

(1) Mechanical shock, dirt, and humidity. 

(2) Heat, due to soldering iron when wiring into a circuit. 

(3) Overload. 

The solution to the first item needs little comment. Transistors should 
be handled very carefully and kept away from damp locations unless they are 
of the sealed variety. 

Damage can be caused if the support wires become hot when the tran- 
sistor is wired into circuit. Not only can the heat actually damage the 
germanium, but the perspex supports are liable to soften. 

It is advisable to leave the support wires long, and to make the soldered 
joint as quickly as possible. If the layout dictates the use of short leads, a 
“thermal shunt ” should be constructed out of an old “ crocodile clip ” in the 
manner shown by Fig. 23. The “thermal shunt ” should be clipped onto the 
support wire between the transistor, and the joint which is going to be made. 
Soldering should occupy the shortest possible time, so that the “shunt” can 
absorb all the heat without damage being caused to the transistor. It should 
be pointed out that once the “shunt” becomes hot it ceases to function as 
such, and because of this, it should be allowed to cool down in between each 
joint. 
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Overload is the greatest enemy of the transistor, and for this reason 
the constructor should ALWAYS check the circuit wiring before connecting: 
the power supply. Reversed polarity can easily ruin a transistor, even if 
applied only momentarily.- Limiting resistors are advised wherever practic- 
able; there is nothing more annoying than to see the “cat’s whiskers” melt! 
The author had this happen when a resistor was accidentally short circuited, 
and the full battery voltage appeared across the “ whiskers.” The battery im 
use was only 44 volts, but nevertheless quite sufficient to do the damage. 

It may be noticed that the behaviour of a transistor is affected by the 
amount of light falling upon it. This photo-electric effect may be quite marked 
under the right conditions, and was first put to a practical use by the Bell 
Telephone Laboratories in March, 1950. 

To clear up any misconception which may exist concerning inter-stage 
coupling transformers, it should be remembered that a transistor has to be fed 
with current rather than voltage. 

Coupling transformers are therefore of the “ step down” type. This 
does not mean that there is an undue loss of power between stages, and the 
constructor should consider the problem as follows: — 


The first transistor gives a certain power (P) watts. The power is in 
the form of a small current at a fairly high voltage. 


P Watts = Volts (High) x Amps (Low). 


The transformer steps down the voltage, and neglecting transformer 
efficiency THE POWER REMAINS THE SAME. 


The secondary of the transformer delivers a lower voltage at higher 
current. 


P Watts = Volts (Low) x Amps (High). 


A 5: 1 step-down transformer can therefore produce a 5 : 1 current 
increase between stages. The author offers no excuse for devoting so much 
space to so simple a matter. It is surprising the number of ae who have 
difficulty in understanding why a step-down transformer should be used. 
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CHAPTER 5 


THE TRANSISTOR AS AN OSCILLATOR 


A transistor oscillator differs from a valve oscillator for two reasons : — 

(1) Unlike the valve, where the grid and anode circuits are 180° out 
of phase with each other, the emitter and collector currents are IN PHASE. 

(2) The zero bias condition with a transistor is similar to a valve which 
is biassed to the “ anode bend ” portion of its curve. Unlike a valve oscillator 
which will function with no grid bias, the emitter of a transistor oscillator 
MUST HAVE BIAS. 

Fig. 24 shows the circuit of a simple oscillator, in which the emitter bias 
is developed between Base and Earth. The majority of the voltage drop is 
developed across R,, but if the resistance of the inductance L is sufficiently 
high, it might be possible to dispense with R, entirely. This method of obtain- 
ing bias is exactly similar to a normal cathode bias system. 

This circuit will oscillate at audio frequencies if an iron cored induct- 
ance and large capacitor are employed for the tuned circuit. Alternatively 
one side of an I.F. transformer could be used to produce a fixed frequency of 
465 Kc/s. The output will be a pure sine-wave, but the power very small— 
depending largely upon the “ Q” of the tuned circuit. The highest frequency 
attainable is governed by many factors, but with a good point-contact tran- 
sistor 2 Mc/s can be reached. 

Fig. 25 shows an alternative method, in which a series resonant circuit 
is employed. A transistor oscillator relies upon the effect known as “ nega- 
tive resistance,” the explanation being as follows: — 

In a conventional resistor, the voltage drop is directly proportioned to 
the current, as shown by the familiar Ohms Law formula E=Ix R. Positive 
resistance absorbs power from a tuned circuit and damps oscillations, and if it 
were not for this effect, an L-C circuit would oscillate indefinitely after being 
excited. 

In a negative resistance, the voltage drop decreases as the energy 
increases; it thus contributes energy to the oscillation by causing an increased 
current to flow through the tuned circuit as the voltage decays. Such circuits 
will sustain oscillations only so long as the value of negative resistance is 
greater than the positive resistance, and for this reason it is necessary to use 
high-Q tuned circuits. In Fig. 25, for instance, it might be found that the 
positive resistance of R, caused too great a “ damping ” effect for the circuit 
to oscillate. R,, being the only DC path for the emitter supply, cannot be 
dispensed with, so a higher value could be substituted. This in turn, would 
ue the emitter current, and a different collector voltage would have to 

tried. 
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45 to 22 5.V. 
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CHAPTER 6 


TRANSISTOR RECEIVERS & AMPLIFIERS 


The following circuits are, to a large extent experimental, and though 
values have been shown, the constructor may have to make alterations to suit 
the characteristics of the transistor in use. 
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Fig. 26a shows the circuit of a simple receiver employing reaction. 
lhe coil should be of the type sold for crystal set construction, and if possible 
of the tapped variety which employs a switch for finding the best aerial con- 
nection. In this case, the coil should be connected “ upside down.” and 
the tapping used to select the best matching for the low impedence input to 
the transistor, Fig. 26b shows this type of coil connected in the conventional 
fashion. This circuit can be used by itself, to operate a pair of High-Z head- 
phones, or if desired, transformer coupled (T,) to a second transistor, as 
shown in Fig. 27. The normal ratio of T, is 5:1 but this is not always exactly 
correct. 

If the input and output impedences of the transistors are known, then 
the required ratio can be worked out by use of the formula: — 


Z Output. 
Ratio=A/ Z Output 
Z Input 


For example, if a transistor of output impedence 20k 2 is to be fed into a 
circuit which presents an impedence of 200 2 the calculation would be as 


follows : — 
Z Output 
Ratio hl eo 
Z Input 


It should be pointed out that the figures used for this example were 
chosen for convenience, and are not likely to be the figures encountered in 
practice. 
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If only one transistor has been constructed, Fig. 26a could be used in 
conjunction with a valve amplifier, in the manner shown by Fig. 22. In the 
same way that two or more transistors can be coupled to form an audio 
amplifier; an R.F. stage could be constructed as shown in Fig. 28a. 
In this figure, the emitter is shown biassed from a separate battery, but there 
is no reason why a resistor should not be connected in the base circuit as 
shown in Fig. 28b, The value of the emitter resistance R, is best found by 
a little experimentation and is between 1 & 10k. A point to remember— 
ALWAYS DISCONNECT THE COLLECTOR SUPPLY BEFORE 
BREAKING THE EMITTER CIRCUIT. If this point is not observed, the 
transistor can easily be ruined by excessive collector current. 


Output to detector 
tuned circuit 


The next circuit which is shownin Fig. 29, is that of a Pre-Amplifier, 
which should give a voltage gain of nearly 50. Since there is no phase rever- 
sal between input and output of the earthed-base connection, the base resist- 
ance acts as a regenerative feed-back path. The fitting of a bypass capacitor C 
across the base resistor provided no detectable advantage in actual practice, 
but if the circuit proves unstable it will be necessary to connect one as shown 
dotted on the diagram. This circuit could be used as a moving coil micro- 
phone pre-amplifier, by substituting a suitable matching transformer instead of 
the R-C input as shown. 

For those who are lucky enough to be able to obtain them, Mullard 
are producing P-N-P junction transistors for experimental purposes. The 
author is not amongst the lucky few, but when he succeeds in obtaining them, 
he anticipates building a circuit such as shown in Fig. 30. This audio-amplifier 
should prove suitable for low-output pick-up heads in the “ High-Fidelity ” 
class, most of which require an amplifier input sensitivity of 0,01 volts. 

It is intended that Mullard Types OC70 & OC71 should be used, but 
the values shown are purely tentative, and will have to be adjusted when the 
transistors become available. For the same reason, the exact ratios for trans- 
formers T, and T, cannot yet be calculated. 
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The fitting of a volume control to a transistor amplifier is not quite so 
simple as with the valve counterpart, since it must not affect the current flow- 
ing to any of the electrodes. 


In Fig. 31, A & B show two satisfactory methods of connecting a 
volume control which should be compared with C & D, both of which would 
be unsatisfactory. Variation of the volume control in Fig. 31C, would alter 
the emitter current; and in D, the transformer would cause a variation of 
collector current. Even the insertion of a condenser in between the volume 
control slider and the transformer, would not make this circuit desirable, 
because the load impedence would vary with changes in volume control 
setting. 

Fig. 32 is a circuit for the experimentally minded, and shows a Super- 
Regenerative receiver. Those who have constructed Super-Regenerative 
receivers before, will know that such circuits are sometimes difficult to put 
into operation when first assembled. They will also know that the results are 
well worth the small amount of experimenting necessary. This circuit can 
give remarkably good results when the transistor is operating under the 
correct conditions. 


The tuned circuit is in the collector lead, and feedback is supplied to 
the emitter via a low impedence coupling coil. The main difficulty with the 
transistor lies in the fact that it will not function as an oscillator and as a 
detector, under the same bias conditions. 


This difficulty has been overcome in a very neat manner, as follows: — 
The transistor is biassed so that it will oscillate, and a diode is connected in 
its emitter circuit. This diode rectifies a small portion of the R.F. signal and 
a voltage is built up across resistor R, which is proportional to the ampli- 
tude. R, being common to the emitter supply, the amplitude modulated 
signals produce a change in emitter current in accordance with the modulation 
frequency. 


The choke in series with R, & C,, prevents the R.F. signal being by- 
passed to chassis by C,; but the audio signal developed across R, has no 
difficulty in reaching the emitter. It may be suggested that C, is shunting 
all the audio signal developed across R,. This is actually not the case because 
the emitter offers a lower impedence path to all except the very highest audio 
frequencies. The circuit of this little receiver (Developed by Edwin Bohr). 
was first published in Radio Electronics on May 19th, 1954, and is represen- 
tative of the many ingenious transistor circuits which have been produced in 
the U.S.A. recently. The original circuit called for a CK722 transistor, with 
a IN34 diode. The experimenter, no doubt using his own transistor, will find 
that a Mullard OASO is very satisfactory if the IN34 proves unobtainable. The 
coil used in the original was an adaptation of a rather special dust-cored 
assembly known as a “ Ferri-Loopstick,” which is probably unobtainable in 
this country, Bearing in mind the fact that the “Q” has to be as high as 
possible, the actual design has to be left to the experimenter. It should 
definitely be of a dust core construction, L, being about 7 turns of 22 s.w.g. wire 
for a Medium Wave coil. The exact gauge of wire is not critical, and the final 
choice will be governed by the size of L,. 
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CHAPTER 7 


UNUSUAL TRANSISTOR CIRCUITS. 


In this final chapter, it is intended to show the constructor a few of the 
many novel uses to which transistors can be put, followed by a short list of 
commercially made transistors. 

Fig. 33 shows a device using a P-N-P junction transistor such as an 
OC71, with which a sensitive relay can be operated. The transistor is con- 
nected so that zero bias is applied to the emitter, under which condition the 
collector current is only a few micro-amperes. The application of am 
infinitesimally small signal (in the neighbourhood of .0001 watts), will be 
sufficient to operate the relay due to the sudden increase in emitter current. 
The input is only sensitive to a positive pulse of D.C., but the detector action 
of an unbiassed transistor renders it quite sensitive to an A.C, signal. The 
peak collector voltage of an OC71 is 10 volts and since the full battery 
voltage appears across the transistor in the “rest” position (the collector 
current being negligible), the battery has been limited to 9 volts. For maximum 
sensitivity, the relay has to be of very high resistance, but if this is so, the 
voltage drop across it becomes appreciable, thus “ starving ” the collector of 
volts and limiting the current output from the transistor. 

A relay must be selected which has a resistance value best suited to the 
transistor and available voltage. This value is of necessity ac ~promise, and 
it will be found that a coil resistance of 4k® proves satisfac sy. The relay 
should be of the type which closes with a 1 mA current, anu such an item 
should be available from one of the many “ Government Surplus” dealers. 

A miniature morse-code oscillator can be very easily constructed from 
a point-contact transistor using the circuit shown in Fig. 34. 

The output transformer forms a common coupling impedence which 
feeds part of the output back into the input, in the correct phase for oscilla- 
tion. Bias for the emitter is obtained due to the voltage drop across T, 
primary, for which reason the D.C. resistance should be reasonably high. An 
output transformer having a primary impedence of 8 to 10k should prove 
suitable. 

The resistances in the emitter circuit affect not only the frequency of 
oscillation, but also the emitter current, and for this reason R, should not be 
made lower than the value shown. The layout can be made very compact 
using a miniature loudspeaker, and since the key is fitted in the battery lead 
no ON-OFF switch is required. Instant “warm up” is of course a feature 
of all battery-operated transistor circuits. 
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The crystal oscillator shown in Fig. 35 employs a point-contact tran- 
sistor in an earthed-base circuit. In this case the feedback path is provided 
by a 7 Mc/s crystal between collector and emitter, instead of a common base 
impedence. In the interests of simplicity and economy of space, a carbon 
microphone is used to modulate the collector supply. The inductance L 
should be wound on }” diameter former, using about 16 turns of No. 25 s.w.g. 
enamelled wire. The aerial coil should be wound on the same former, using 
No. 22 s.w.g., about 4 turns being sufficient. 

If it is desired to use a commercially made transistor, the Mullard 
Type OCS51 could be tried, and although 7 Mc/s is in excess of the manufac- 
turers upper frequency limit, it should be possible to get the circuit to 
oscillate satisfactorily. 

The range of this little transmitter will be limited to very short dis- 
tances, but a practical use might be found in such instances as “ ground to 
roof ” communication, when adjusting the position of a television aerial for 
maximum signal strength. 

The final circuit requires no battery at all. Fig. 36. Power for this 
audio oscillator is obtained from a Photo-Voltaic cell such as can be found 
in a photo-electric Exposure Meter. The circuit needs little comment apart 
from the unusual power source, which should be obtainable at most of the 
leading photographic dealers. Emitter bias is developed across the 4°7k® 
base resistor which is of sufficiently high value not to shunt the incoming 
emitter signal. 

Output can be taken in two ways; either using a pair of 4k9 head- 
phones as shown at P,, or by using a hearing-aid crystal earpiece as shown 
by P, and C,. 


The reader will have noticed many “ DON’TS” in this small book. 
These have not been inserted just to make life difficult; but rather to ensure 
that the maximum amount of pleasure is derived from making, and handling, 
these fascinating newcomers to the science of radio. 
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BRIEF DETAILS OF COMMERCIALLY MADE TRANSISTORS 


POINT CONTACT TYPES 


MULLARD For low voltage and power levels. 
Max. negative collector/base volts 30v 
OC50 Collector current limit —12mA 
Max. emitter current +10mA 
Max. total dissipation 120 mW 
Current amplification factor « 2.1 


MULLARD Designed for use in switching circuits 
where large signal parameters are of 
OcS1 primary interest. 
Max. negative collector/base volts 50v 
Collector current limit —15mA 
Max. emitter current +15mA 
Max. collector dissipation 100 mW 
Current amplification factor « 2.5 
G.E.C, General purposes. 
Max. negative collector/base volts 50v 
GET-1 Max. collector dissipation 100 mW 
Current amplification factor « 2.5 
G.E.C. Designed for low signal levels. 
Max. negative collector/base volts 30v 
GET-2 Max. collector dissipation 50 mW 


Current amplification factor + 3.9 


MULLARD 
OC70 


MULLARD 
OC71 
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P-N-P JUNCTION TRANSISTORS 


All glass construction, replaces Type 
OC10 which had a plastic envelope. 
Low noise, low voltage audio frequency 
type for use in amplifying stages of 
hearing aids. 


Max. collector/emitter volts Peak —10v 
Average — Sy 
Max. collector current Peak —l10mA 
Average — 5SmA 
Max. emitter current Peak 10mA 
Average 5mA 
Max. collector dissipation 6 mW 
Earthed emitter, base input » 30 
Earthed base, emitter input « 0.968 


All glass construction, replaces Type 
OC12 which had a plastic envelope. 
P-N-P type for use in amplifying or 
output stages. 


Max. collector/emitter volts Peak —10v 
Average — Sy 
Max. collector current Peak —l10mA 
Average — SmA 
Max. emitter current Peak lOmA 
Average 5mA 
Max. collector dissipation 6mW 
Earthed emitter base input x 50 


Earthed base, emitter input » 0.98 


AMERICAN TRANSISTORS 
LIMITING 

PURPOSE TYPICAL OPERATION VALUES CHARACTERISTICS 

cree sh LCL, ———— ey 

& Sk bo od SHSSESE Gee 
General —10 1.0 00 15k 20 50 8 120 2 
General —10 1.0 800 15k 50 8 120 2 
Switching 0/—2 40 3.0 50 8 100 2 
General —15 10 0 50 8 100 2 
General —15 10 0 500 10k 20 50 8 100 2 
Switching 0/-—1.2 5.0 3.0 100 8 120 2 
Switching 0/—1.2 5.0 3.0 100 8 120 2 
Amp. Oscillator 475 57 17 20 200 2.2 
Amp. Oscillator 800 20 400 2.2 
Pulse or Switching —25 0.5 400 31k 21 40 8 50 3 2.2 
Oscillator 50Mc/s —8 3.3 0.3 10 85 7 30 O08 
General —6 10 1.0 0.25 40 25 8 50 8.0 98 
General +6 10. =—-:1.0 0.25 40 25 8 50 80 98 
General —6 1.0 0.01 1000 30k 40 20 8 50 45 
General —6 1.0 0.02 1000 30k 36 20 8 50 30 
General —6 1.0 0.05 1000 30k 32 20 8 5O 15 
Audio Amplifier 25 15 50 15 
Audio Amplifier —5 1.0 22 40 45 10 150 10 
Audio Amplifier —§5 1.0 22 39 45 10 150 10 
Audio Amplifier —§5 1.0 22 38 45 10 150 10 
Audio Amplifier —28 40 7k 14 
Switching —25 0.5 500 25k 60 100 25 
Switching 100 15 120 15 200 
General —10 15 0.5 250 15k 45 18 3.0 40 4 100 10 2.5 
General -3 20 1250 22 38 28 20 5 30 50 40 
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AMERICAN TRANSISTORS 


_- — 


LIMITING 

Ne TYPE PURPOSE TYPICAL OPERATION VALUES CHARACTERISTICS 

oth 2) aoe oe ae a ee 
CK722——~P-N-P General —15 05 0.2 22 30 20 5 30 5.0 12 
G- P.CONT. Amp. Oscillator 475 20k 57 17 30 7 100 3.0 200 22 
G-IA _P.CONT. Switching —15 1.0 800 20k 30 7 100 3.0 500 22 
M1689  P,CONT. Switching 800 10k 50 40 80 40,0 
M1725 P.CONT. Audio and Carrier —S 40 1.5 195 8k 48 18 45 50 20 200 15.0 5 2.1 Fy 
M1729. P.CONT. Audio and Carrier —30 5/7 1/2 199 15k 54 20/1850 50 20 200 15.0 S% 75 ws 
M1752. —s~P-N-P General 25° 13k 50 5 50 5.0 240 0.98 & 
0CSO0  P.CONT. Amp. Oscillator a5 1.5 155 6800 43 30 25 120 aw 
OCS} P.CONT. Switching —40 1.6 0 350 26k 100 15 120 15 25 
PT-2A  P.CONT. Audio Amplifier —30 1.0 300 20k 57 19 40 10 100 5 10 300 500 1.5 
PT-25  P.CONT. — Switching —30 1.0 40 10 100 5 500 2.0 3 
R1734 P.CONT. — Switching 120 a 
RD2517_N-P-N Audio and R.F. 4.5 1.0 4500 22 32 1.9 30 5 50 100 35 500 0,93 s 
RD2520 N-P-N Audio and RF. 4.5 1.0 4500 22 34 2.0 40 5 50 500 35 100 095 4 
RD2521 N-P-N Amp. Oscillator 4.5 1.0 22 37 40 10 50 10.0 300 30 100 0.975 & 
RD2525 N-P-N Amp. Oscillator 4.5 4500 22 42 19 25 5 25 200 35 500125 2 
RR-14 P-N-P Audio Amplifier —1.5 0.5 22 36 25: 3 $0 700 30 270 25 
RR-20 P-N-P Audio Amplifier —1.5 0.5 22 40 25 5 50 700 30 270 40 
RR-21 _-P-N-P Audio Amplifier —15.0 3.0 5000 20 25 5 50 25 
RR-34 ——P-N-P Audio Amplifier —-15 05 1.0 30k 30 20 5 30 500 30 270 10 
T-21A P.CONT. General —45 10 10 500 30k 25 38 30 5 50 5 500 50 500 0.95 
TA-161B P.CONT. General —20 3.0 1.5 300 15k 55 22 50 140 120 2 
TP-01 P.CONT. General —22.5 0.3/0.8 400 10k 18 35 100 2 
X22 N-P-N Audio Switching 4.5 1.0 35 40 5 50 0.90 
X23 N-P-N Audio Switching 4.5 1.0 35 40 5 50 095 & 
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INTERNATIONAL 
RADIO TUBE 
ENCYCLOPAEDIA 


1954-55 Edition 
Price 42/- 


Bernards (Publishers) Ltd. are pleased to announce that in 
response to many thousands of enquiries, an entirely new and 
up-to-date edition of this world-famous Encyclopedia has been 
produced. 


Compilation of the original volume began early in 1946 under 
the expert guidance of Mr. Bernard B. Babani, with the active 
co-operation of the world’s manufacturers. By 1949 over 15,000 
valve and tube types had been listed and the first edition appeared. 


Since then, research has gone on unceasingly and over 3,500 
types have been added so that in this new edition more than 18,500 
valve and tube types (including Television, Industrial and Military 
cathode-ray tubes) from all over the world are presented. 


The Encyclopedia is unique in that types used by the Armed 
Services of the Commonwealth, U.S.A. and Europe are completely 
covered, in addition to the C.V. and normal civilian patterns. 


There is more data—covering some thousands of extra tubes— 
than in any other comparable work published. 

Tube base connections are given in continuation columns imme- 
diately following the particular tube characteristic columns, or by 
base diagrams, thereby obviating repeated reference to other 
sections. 

The section containing the technical matter and the instructions 
for using the tables has been translated by native technicians into 
the following 14 languages :— 

FRENCH, ITALIAN, SPANISH, PORTUGUESE, 

GERMAN, DUTCH, SWEDISH, NORWEGIAN, 

DANISH, RUSSIAN, POLISH, CZECH, HEBREW, 
and TURKISH 


Details are given of the operating characteristics and pin con- 
nections of radio tubes manufactured in Great Britain, U.S.A., 
France, Belgium, Holland, Italy, Australia, Japan, Germany, 
Austria, Czechoslovakia, Poland, Spain, Sweden, Denmark, 
Switzerland, Canada, etc. 
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Constructors ! 


WHAT DO YOU KNOW 
ABOUT F.M.? 


ARE YOU AWARE THAT 


A chain of frequency modulation stations working 
at V.H.F. are to be installed throughout the British 
Isles. 


The first of these stations is already transmitting 
B.B.C. programmes. 


Quality is in advance of ye possible with 
ordinary receivers designed for A.M. 


BUILD your own Frequency Modulation Receiver using 
modern valves and the latest circuit technique by 
following the detailed instructions given in :— 


PRACTICAL F.M. 


This outstanding addition to BERNARDS RADIO SERIES 
is a translation of R. Deschepper’s famous book. 


This author describes in detail the various specialised 
circuits which will be encountered, followed by complete 
instructions for numerous F.M. tuners and receivers. Large 
circuit diagrams, component lists, and full coil winding de- 
tails are given. 


DON’T MISS THIS OPPORTUNITY TO GAIN 
PRACTICAL EXPERIENCE IN A NEW AND 
RAPIDLY EXPANDING FIELD 


No. 130 Oe Ee Price 5/- 


The Emperor Radiogram 


FIRST ANNOUNCED AT THE 
1954 NATIONAL RADIO EXHIBITION 


FEATURES 
3 WAVEBAND COVERAGE. 
DIRECT COUPLED STAGES FOR MAXIMUM 
QUALITY. 


INDEPENDENT BASS AND TREBLE TONE 
CONTROLS. 


PUSH-PULL OUTPUT FOR EFFORTLESS 
POWER. 


THE NEW PHILIPS AUTO-CHANGER WITH 
THE HIGH FIDELITY PICK-UP HEADS. 


Full constructional details are given in an easy to follow 
manner. The book is copiously illustrated with ACTUAL 
PHOTOGRAPHS as well as numerous drawings. 


BUILD THIS SUPERB INSTRUMENT YOURSELF. 


NO. 110 94° x 72° PRICE 3/6d. 


“LISTENER’S GUIDE TO THE 
RADIO % TELEVISION STATIONS OF THE WORLD” 


INTERNATIONAL EDITION 
ENGLISH, FRANCAIS, DEUTSCH, NEDERLANDS, ESPANOL 
94” x 7T}” 48 pages Price 2/6d. 

This book is a must for every Wireless Set owner or Tele- 
vision Viewer and remember there are more than 13 million paid 
Licence holders in this country alone. 

For the first time ever, a complete Listener's Handbook has 
been prepared, which gives all the details of more than 10,000 Radio 
and Television Stations throughout the World. Comprehensive 
data as to where to get these stations on wireless or television 
receivers, Wave length, power, and call signs are all included, 
so that any home or foreign station can easily be identified, or 
selected, by listener or viewer. 


VALVE & TELEVISION 
TUBE EQUIVALENTS 


“At a Glance” 


SS 17 


BERNARDS (Publishers) LTD. 
ANNOUNCE THE FINEST EQUIVALENTS MANUAL 
EVER DEVISED, CONTAINING: 


® MORE THAN 8,000 VALVES AND T.V. TUBES 
LISTED 
ca NO CROSS REFERENCES. 
a ALL EQUIVALENTS SHOWN ON ONE LINE. 
a INCLUDES ALL BRITISH, U.S.A., GERMAN, 
FRENCH, DUTCH AND OTHER EURO- 
PEAN TYPES. 
oy COMPLETE C.V. TO COMMERCIAL LISTING. 
we COMPLETE COMMERCIAL TO C.V. LISTING. 
e ARMY, NAVY AND AIR FORCE TYPES IN- 
CLUDING U.S. SERVICE TYPES. 
es A COMPREHENSIVE TELEVISION TUBE RE- 
PLACEMENT GUIDE. 


No. 124 94” x 72” Price 5/- 
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Crystallographic Fundamentals — Glossary of Terms 
by Mariusz Jaskolski © 2007 


Symmetry 

Property of physical and mathematical objects. After a symmetry operation, a symmetrical 
object and its transformed copy are indistinguishable. Proper symmetry involves pure 
rotation. Improper symmetry combines rotation with reflection; in particular, improper 
symmetry elements include center of inversion (1), mirror plane (m), and four-fold inversion 
axis (4). Proper symmetry leaves the object unchanged, improper symmetry converts it into 
its mirror image. Consequently, chiral objects are incompatible with improper symmetry. 
(However, a pair of enantiomers can have improper symmetry between them.) An important, 
but trivial, operation corresponds to 0° (or 360°) rotation (identity transformation). In classical 
crystallography, only the following rotations are compatible with the periodic nature of crystal 
lattices: 1, 2, 3, 4, and 6-fold. Symmetry transformations of finite objects (e.g. crystals) must 
leave at least one point stationary, and are governed by point symmetry elements. In infinite 
periodic objects (such as crystal lattices) this requirement is not necessary, and symmetry 
transformations may include (a fraction of lattice-) translation. In particular, screw axes are 
possible. Some of them are right-handed (31, 41, 61, 62), some left-handed (32, 43, 64, 65), and 
some neutral (21, 42, 63). 


Crystal system 

All crystals are divided into seven groups, called crystal systems, according to their principal 
symmetry. In another definition, this principal symmetry itself may be identified with the 
crystal system. From the lowest to the highest symmetry, the crystal systems are: triclinic, 
monoclinic, orthorhombic, tetragonal, trigonal, hexagonal, cubic. In yet another definition, 
the term "crystal system" refers to the system of coordinates that most conveniently describes 
objects with given symmetry. In general, those coordinate systems are non-cartesian, i.e. can 
have axial units a, b, c, of any length and at any (not necessarily orthogonal) inclination a, B, 
y, but must be compatible with the underlying symmetry. 


Point group 

Symmetry usually comes in bunches, i.e. a symmetrical object usually has more than one 
symmetry element. Those symmetry elements must form consistent sets, called groups. For 
finite objects, those groups are called point groups (or crystal classes with reference to 
crystals). The term "group" is used in strict mathematical sense, i.e. it means that (1) 
combination of any two symmetry elements is another element of the group, (11) for each 
symmetry transformation there is an inverse operation, (iii) the group includes a null (or 
identity) element (1). There are 32 three-dimensional crystallographic point groups. Only 11 
of them do not include improper symmetry. An international (Hermann-Mauguin) symbol of a 
point group lists the symmetry of the essential directions in each crystal system. For instance, 
2 is a monoclinic point group (two-fold axis in the b direction), 222 is an orthorhombic point 
group (three mutually perpendicular two-fold axes), and 432 is a cubic point group. 


Lattice 

A collection of nodes, i.e. points with integral coordinates. In crystallography, a lattice is an 
abstract representation of a crystal structure: it is periodic and infinite, and the real structure 
can be reconstructed by associating with each lattice point the concrete structural motif 
(molecule, cluster of ions, cluster of molecules) which it symbolically represents. Strictly 
speaking, lattices with points at integral coordinates are called primitive (P) lattices. To 
preserve the maximal internal crystal symmetry, crystallography allows in some cases nodes 


with special combinations of "half-integral" (i.e. 2) coordinates, resulting in the so-called 
centered lattices. Each lattice point has exactly the same environment. 


Unit cell 

The smallest parallelepiped in the lattice whose translation (repetition) in the three lattice 
directions (vectors) a, b, c (which form its edges) recreates the entire crystal structure. From 
many possible choices, a conventional unit cell should be compatible with the symmetry of 
the space group. The smallest fragment, from which the entire unit cell can be recreated by 
symmetry, is called the asymmetric unit (ASU). 


Bravais lattice 

In some cases, non-primitive unit cells have to be chosen in order to make the symmetry of 
the unit cell compatible with the symmetry of the entire lattice. Non-primitive lattices, derived 
mathematically by Auguste Bravais, can have the following centering nodes: 42 4% 4 (I), 
% 20 (C), or 02 4, 20 4, 4% % 0 (F). Convention and symmetry considerations lead to 14 
Bravais lattices: triclinic P; monoclinic P, C; orthorhombic P, I, C, F; tetragonal P, I; trigonal 
R; hexagonal and trigonal P; cubic P, I, F. The rhombohedral (R) unit cell represents a special 
case; it has nodes only at its vertices but has a three-fold axis along its body diagonal. In 
consequence, it has a unique shape with a=b=c and a=fB=y (not necessarily 90°). 


Space group 

Analogously to point groups, space groups are defined as consistent sets of symmetry 
elements of three-dimensional lattices. A Hermann-Mauguin space-group symbol is formed 
by specifying the Bravais lattice and a list of symmetry directions, as in a point-group symbol. 
For instance, P2,2;2;, is an orthorhombic space group, with primitive lattice and two-fold 
screw axes parallel to a, b, and c. There are 230 space groups. Only 65 of them do not include 
improper symmetry. 


Miller indices 

A set of lattice planes is a family of parallel and equidistant planes which pass through lattice 
points. The number of divisions into which a plane set cuts the axial vectors a (h), b (k), and c 
(I) is known as Miller indices (Akl) of this set of lattice planes. The characteristic interplanar 
spacing is denoted dy. 


Reciprocal lattice 

A lattice, i.e. collection of nodal points, derived mathematically from the real (or direct) 
lattice using a "reciprocal" relationship. To derive a single reciprocal lattice (r.1.) point (with 
coordinates hkl), one starts with the (hkl) set of lattice planes in the direct lattice. Next, a line 
perpendicular (normal) to this set is constructed, and the hkl r.l. point is found on this line at a 
distance of 1/dhx from the origin. Conveniently, three r.l. points generated by the (100), (010), 
and (001) lattice planes, define the reciprocal lattice axial vectors, a*, b*, c*, respectively. 
They have inverse vectorial relationship to the corresponding direct lattice vectors a, b, c. For 
instance, a*.a=1, etc., while a*.b=0, a*.c=0, etc. The latter "Zero-value" scalar products 
indicate, that a given r.l. axial vector is perpendicular to "the other" two vectors in the direct 
lattice. A lattice reciprocal to the r.l. is again the direct lattice. Planes of r.1. points are called 
layers. As in direct lattice, there is also ar.l. unit cell, with reciprocal volume (V*=1/V). The 
reciprocal and direct lattice vectors are also related by vector products, e.g. c*=axb/V, etc. 


Laue condition 

A beam of parallel X-rays, impinging at an angle a1 on a crystal axis with a repeat period a, 
can emerge from that axis reinforced at a new angle a2, provided the optical-path-difference 
between rays diffracted on adjacent lattice nodes is an integral (h) multiple of the wavelength 
X. This situation, corresponding to constructive interference, is described by the mathematical 
relationship hA=a(cosa2-cosal), known as the Laue condition. If the experimental parameters 
a, i, a1 are set, then the Laue condition defines the a2 angle of a Laue cone of order h around 
the axis a. In three dimensions, three Laue conditions, one for each crystal axis, have to be 
fulfilled simultaneously if constructive interference (of orders h, k, and 1) is to take place. For 
this reason, this elegant Laue condition is awkward in practical applications. 


Bragg's Law 

In Bragg's interpretation, the phenomenon of diffraction is viewed as reflection from the 
lattice planes (hkl). The incident and reflected beams make the same angle (0) with the 
reflecting plane, and the two beams and the plane normal are coplanar, as in geometrical 
optics. The difference, however, is that this is selective reflection, which can occur only at 0 
angles selected by the Bragg's Law: nA=2d)xsin8. This is because the rays reflected from 
consecutive planes of a plane-set must be in phase, i.e. must form an optical-path-difference 
equal to nd. n is the order of reflection from the set of lattice planes (hkl) with interplanar 
spacing dix. Sometimes the equation is rewritten as A=2dsin0, with d=dhx/n. The new 
(smaller) d value corresponds to an artificial set of planes which is n-times denser, and has 
artificial (non-Miller) indices n-times larger (nh nk nl). Those new indices, without brackets, 
are used as reflection indices. They are equal to the h, k, | orders of diffraction in the 
corresponding Laue conditions. Note that the easy-to-measure angle between the incident and 
reflected beam is 20. 


Ewald construction 

In Ewald construction the equivalence of the diffraction pattern and the reciprocal lattice is 
demonstrated. The diffracting crystal is placed at the center of a (Ewald) sphere of radius 1/A, 
which sets the X-ray wavelength. The point of exit of the primary beam from the Ewald 
sphere defines the origin of the reciprocal lattice, 0*. If at a given orientation of the crystal, a 
set of planes (hkl) fulfills the Bragg's Law, then the point at which the reflected beam leaves 
the Ewald sphere coincides with the r.l. point hkl. Reorienting the crystal will bring other r.l. 
points into coincidence with the surface of the Ewald sphere, defining when and where the 
corresponding Bragg reflections will arise. 


Friedel Law 

In non-resonant situations (no special phenomena effected by the X-ray quanta in the 
electronic clouds of the atoms in a crystal), X-rays are reflected in the same fashion from both 
sides of a set of lattice planes. In effect, the diffraction pattern is centrosymmetric (identical 
reflection intensities on both sides of the origin). This is expressed by the equation 
I(hkl)=I( hkl), known as the Friedel Law. The Friedel Law is violated in the presence of atoms 
that scatter the given wavelength anomalously. 


Laue class 

Because of the Friedel Law, there are fewer (11) classes possible for the symmetry of the 
diffraction pattern than the number of crystal classes or point groups (32). The point groups 
possible as symmetry groups of diffraction patterns are all centrosymmetric and are known as 
the Laue classes. 


Systematic absences 

The most dramatic manifestation of lattice translations in the diffraction pattern is its discrete 
nature: the endlessly repeating scattering motif directs the diffracted beams into infinitely 
narrow and discrete angles while scattering in all other directions is extinguished. However, 
additional elements of translational symmetry in the space group cause further extinctions 
among the Bragg reflections. They are called systematic absences (or extinctions). Non- 
primitive lattice centering wipes out all reflections with certain index categories. For instance, 
I-centering systematically extinguishes all reflections with h+k+l odd, leaving only those for 
which h+k+l=2n (n — any integer). The reflections present with C-centering are h+k=2n, and 
with F-centering only those are left for which all three indices, h, k, 1, have the same parity. 
Screw axes extinguish reflections on axes running in the reciprocal-lattice direction 
corresponding to the direction of the screw, but the extinction rule depends on the order of the 
axis and its pitch (but it does not depend on the handedness of the screw). For instance 2, 
screw along b affects reflection on the 0kO axis, leaving only those with k=2n. 6; (and 6s) 
screw along c affects reflections on the 001 axis, leaving only those with l=6n (multiple of 6). 
The analogous rule for 62 (and 64) is 001 with 1=3n, and for 63 — 001 with 1=2n. 


Structure factor 

The physical quantity representing the amplitude (and phase) of the wave scattered by a 
crystal as reflection hkl is called the structure factor F(hkl) and is calculated by adding up the 
contributions of all scattering atoms in the unit cell with a proper exponential ("phase") factor 
accounting for the phase differences of the partial wavelets: F(hkl)=Xf, .exp[27i(hxj+ky;+1z;)]. 
Those phase (or optical-path) differences result from the spatial distribution of the scattering 
atoms. f; is called the atomic scattering factor (or formfactor). It is obvious that, in general, F 
is a complex quantity as it contains the imaginary unit i (=V-1). This is why it can express 
both the amplitude ("length" or modulus of F, |F|) and phase (direction, or inclination angle of 
the vector F in the Argand diagram) of the scattered wave. It is also obvious that the structure 
factor contains information about the atomic structure of the crystal, as its calculation depends 
on the coordinates xj, y;, z; of all atoms in the unit cell. Mathematically, the structure factor is 
the Fourier Transform of the electron density in the crystal. The intensity of reflection hkl is 
proportional to the square of the amplitude, i.e. I(hkl)=|F(hk1)/ (scale neglected). 


Fourier Transform 

In Fourier Theory, a function defined as F(h)=Xf(x).exp[27i(hx)] has its nearly-identical twin 
companion, f(x)=XF(h).exp[-2zi(hx)] (scale neglected). In simple applications, these formulas 
(or Fourier transforms) can be interpreted as trigonometric Fourier series. The existence of 
this pair of Fourier transforms means, that if we have a recipe (+1 transform) for calculating F 
expressed as a Fourier series in f, then automatically f can be calculated as a Fourier series in 
F (-i transform). 


Phase problem 

To be able to calculate electron density distribution in the crystal [p(xyz)] from the diffraction 
pattern using the Fourier transform p(xyz)=(1/V)2F(hkl).exp[-22i(hx+ky+lz)], one would 
need to know the complete information, i.e. the magnitude and the phase, of each structure 
factor. However, since experimentally only reflection intensities, or squares of structure factor 
amplitudes, are measured, the information about the phases is not available. For this reason 
the simple Fourier transform above cannot be used until the Phase Problem has been solved, 
i.e. until the phases have been obtained in one way or another. 


Atomic scattering factor 

The atomic scattering factor (or formfactor) fj is the Fourier transform of the electron density 
(electron "cloud") of a free atom of element j. For scattering of X-rays, it falls-off very 
quickly with the scattering angle, or sin0/A. At 0=0, f is equal to the atomic number (number 
of electrons). In normal (non-resonant) scattering of X-rays by electrons, f is real (fo). In 
resonant scattering, f becomes complex, which is expressed by the formula fa=fo+f'+if", 
where f' is called the dispersive (real) and if" absorptive (imaginary) correction. 


Temperature factor 

Atoms in crystals are never motionless, they oscillate around their equilibrium positions 
(other effects, e.g. static and dynamic disorder, are also frequent, especially in protein 
crystals). Those oscillations smear the electron density and make atomic scattering less 
efficient, especially at high angles, and this effect increases with temperature. To account for 
this, the atomic scattering factor f; must be multiplied by an exponential "temperature" factor 
which takes the form exp[-B,(sin®/A)’]. Sometimes the parameter B itself is called the 
temperature factor (the more correct term is atomic displacement parameter, or ADP). B is 
related to the displacement from the equilibrium position, u, in the following way: 
B=8n"<u’>. Isotropic thermal model assumes the same (spherical) oscillation amplitude in all 
direction. This is not correct for bonded atoms, but the model is useful because it introduces 
only one parameter per atom (Biso). The more adequate anisotropic model requires as many 
as Six parameters per atom to define the general ellipsoid that describes the atomic motion. In 
protein models, it can only be used when atomic-resolution data are available. 


Electron density 

Distribution of electrons, in the form of electron density (e/A*), usually drawn as a map, 
represents the chemical constituents of the crystal interior. Electron density maps are the 
primary product of crystal structure determination by X-ray crystallography, and atomic 
models represent their chemical interpretation. This is so because the X-rays, which are used 
to "probe" the crystal structure by diffraction, are scattered by electrons. 


Patterson function 

Before the Phase Problem is solved, the elegant Fourier transform based on the structure 
factors F(hkl) cannot be used to calculate the electron density map p(xyz). However, when 
only the values of |F(hk1)|* are available, a similar Fourier transform can be calculated, called 
the Patterson map P(uvw)=(1/V)=|F(hk1)|*.exp[-27i(hu+kv+lw)]. Mathematically, P(uvw) 
represents an autocorrelation function, or convolution of the structure with its 
centrosymmetric image. Therefore, while p(xyz) represents the distribution of atoms, P(uvw) 
represents the distribution of all possible interatomic vectors, all drawn from the origin. For 
large structures (many atoms N), it contains a large number of peaks (N’) and is not amenable 
to straightforward interpretation, but anyway it does contain information about the crystal 
structure and can help in its solution because each pair of atoms has a unique peak whose 
height is proportional to the product of the atomic numbers. The Patterson function is always 
centrosymmetric and contains (Harker) sections with accumulation of peaks corresponding to 
rotation-related atoms. 


Resolution 

In principle, faithful reconstruction of an image (crystal structure) would require the use of all 
(infinite number) F(hkl) terms in the Fourier summation. This is impossible not only because 
of theoretical considerations (maximum 9 or minimum dy; limitation in the Bragg's Law), but 
also for practical reasons, as the 20 angle has technical limitations and, especially, as protein 


crystals do not scatter X-rays to high angles. The minimum d-spacing corresponding to the 
highest 8 angle at which measurable diffraction has been recorded, is known as the resolution 
of the diffraction pattern. The resolution in reciprocal lattice has immediate interpretation in 
the direct space, where the structural image is reconstructed from effects observed using less 
(low resolution) or more (high resolution) closely spaced reflecting planes. Geometrical 
considerations show that the resolution of the structural image obtained (i.e. the ability to 
distinguish points d A apart) is roughly equal to the minimum d-spacing in the diffraction 
pattern. 
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Water 


Introduction 


Dr. Charles W. Littlefield discovered, at the turn of the century, that when water evaporates, 
the evaporating water produces a distinct but weak magnetic field, and according to him, this 
magnetic field is sensitive to the vibrational patterns of the mind of an individual. 


In dowsing for water, Or. Tromp discovered that a moving body of water in an aquifer also 
produces a magnetic field and that this magnetic field can be sensed by the body of the dowser 
and that a reaction can be obtained in the body, causing the dowsing rods to twist or jerk at the 
proximity of the area of the moving body of water. 


Methods of Measurement for Observing the Structuring of Water 


From the work we have done in our laboratory it is felt that changes can be made in the 
fluidic water which may be permanent or impermanent, depending on the nature of the force and 
the combination of events acting on the water. — 


In our laboratory we first used dowsing rods to detect this type of charge transfer to water. 
The very first experiment we did in 1984 was to hold a glass of water in both hands, focus on it 
intently, place it on a table and put a control sample of the same water on the table two feet away 
from the test sample. Approaching each sampie with the dowsing rods, we obtained a deflection 
of the rods with the sample that was held in the hand and no deflection from the contro! sample 


A most important experiment was next done. We stood at the point of deflection of the dows- 
ing rods, stared at the sample and drew our breath in. When this was done the rods returned to 
neutrality. Testing this water we detected no change. Purely by intention and breath the charge 
was removed from the water. 


We could do this as well with the water that was poured from one vessel to another to charge 
it. Following the procedure given above. the charge could be removed by intention and breath 
and the water brought to a state of neutrality. From this we learned that: 


1. The operator must be neutral in his thoughts. 


2. In transferring vessels, the experimenter must maintain control of his breath. This means that 
before touching the vessels. the breath must be held. After the vessel has been transferred. 
the breath can then be released. 


‘Quantum physics deals with the movements and changes of matter and energy at the tiniest 
levels of existence we know of: the world of atomic and subatomic matter. Probably the most 
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important discovery of quantum physics was the observer effect. This showed that how an obser- 
vation was performed - what the physicist brought to bear on the observation of matter - dis- 
turbed that matter in uncontrollable ways. This disturbance wasn't simply the result of an error 
caused by the maladroit experimenter. It involved, instead, a fundamental new discovery that 
there had to be unexpected results, no matter how carefully the physicist performed the experi- 
ment. This was due to a new principle at work in the physical universe - the Heisenberg uncer- 
tainty principle.”'. This was only the beginning of our search to measure and quantify the charge 
transferred to water. 


The Omega 4 and Omega 5 Instruments 


These were instruments designed by Daniel Perkins to detect the fields stored in crystals and 
fluidic materials. They will be described in detail in the section on Radionics. 


Working with water and crystal we found paralle! results with both the dowsing rod and the 
Omega 4 or 5. The moment a charge was lost in the water, the Omega 4 or 5 instrument was 
able to detect this loss of charge 


What is this charge? We really do not know, but a G.E. Magnetometer was rented and when 
we obtained significant results in the water by spinning the water around a crystal charged with 
thought, the Magnetometer gave permanent readings to the water and an increased reading was 
noted on the Omega 4 or 5. 


The following graphs will show some of the early results we obtained. In Fig. 4-1 we see the 
effect on water in being modified by both sound and temperature. The ordinate is the number of 
passes a unit volume of water is passed around the double terminated 4-sided crystal cut and fac: 
eted by us. ; eit 


The abscissa is the reading we obtained from the water sample so treated. The numerical 
values are readings taken from the dial settings from the Omega 4 unit. We see: 


1. An increasing value for each pass of the sample around the crystal. 

2. There is a significant increase when the temperature is lowered. 

3. An even greater increase when we play a cassette recording of trumpet music at 16° C. 
We measured the magnetic field of the water at the same time we were passing the water 


around the crystal Fig. 4-3. We detected no magnetic fieid at 23° C, and at 16° C 0.04 Gauss. 
and at 16° C + trumpet 0.07 Gauss. 


This was truly a surprising result. This was only the beginning of the story. 


' The Body Quantum, Fred Alan Wolf, Macmillan Publishing Co. N.Y., 1986 
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Fig. 4-1. The Effects of Sound and Temperature on the Structuring of Water wa 


Fffect of Impurities 


We then did the next set of experirrents. Question: Could we detect | charging of tne 
crystal with intention and breath. 


Fig. 4-2 shows a graph in which we passed water 10 times around the crystal (4 sided double 
terminated). The first set was with tne crystal not charged and the second set with the crystal 
charged - all other conditions being the same. After the fourth pass, the difference of 22,500 
units. In subsequent work we have further confirmed this work and have found changes in pH and 
U.V. and I.R. spectra. 
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Fig. 4-3. The Effects of Sound and Temperature on the Structuring of Water 


In Fig. 4-4 we see the effect of the addition of 0.01% Silica in the form of powdered Silica 
from the flat laps used for grinding our crystals. We compared this to clay and an organic com- 
pound sucrose. The most dramatic result came from silica addition and the least from clay. 
There was some interaction with sucrose after the fifth pass. There is an energetic exchange 
which we have no explanation for. It is reminiscent of water flowing on sand at the seashore and 
the use of sand beds in the purification of water. The effect was dramatic at the first pass and 
the measured value was greater than any of the other readings we had. 


In our investigation and research we are dealing with the bulk property of water and of reason- 
able volumes of the water (100 cc’s to 1000 cc’s). As each one of these variables open up the 
complexity of planning and doing. repeatable experimentation becomes more difficult. 


The weaker forces in water decayed spontaneously the stronger forces remained in the water 
and a change took place which we call the structuring of water. This is distinct and different from 
the early work by the Russians on what is called poly-water. Poly-water is created from the vapor 
State of water and exists in minute quantities in the microcapsules used in preparing them. That 
water may aggregate together and form a polymeric structure has been an ongoing question and 
controversy since the re-discovery by Fedykin in 1961-62 of the anomalous properties of water 
condensed into glass and quartz capillary tubes. 


He had postulated that the molecular arrangement of water was being controlled by the sur- 
face of the glass or silica capillary resulting in a structure different from the bulk water. The name 
polywater was given to this new state of water. There was a renewed interest in this work and 
even by 1967 there was not yet fully established a firm experimental basis for a new state of 
water. The reason for this was extremely small sample size (in the micrograms) and the possibil- 
ity of contamination of the sample with impurities and extrication from the walis of the capillaries. 


We are dealing with the bulk property of water itself to store energy in much the same way a 
battery stores an electric charge. When a proper charge is given to the water, a change in state 
takes place - holding this charge and transferring this charge in time to maintain the proper 
entropic balance. 


It is my belief that when food breaks down in the body of a human, the binding energy of the 
form geometry of the food is stored in the water. When the chemical breakdown takes place, that 
transformation also is stored in the body fluid and is carried by the bloodstream throughout the 
body. When there is stress in the body, these fluids become bound or structured and cannot re- 
turn to their normal ground state. This is a theory which we are working in our laboratory to build 
a data base. : 


in an historic experiment which we did in our laboratory in 1984 we decided to see if we could 
structure water by pumping the water around a crystal. (a four-sided double-terminated healing 
crystal), and observe the effects in the water after we had done the experiments. 


The first experiment was done with the firing tip of the four-sided healing crystal facing down- 
ward, and we constructed a coil of quarter inch pyrex tubing with seven turns on it. We passed 
the water around the crystal through the tubing and collected the water in a beaker. The detecting 
device we used at this time was a dowsing rod, and with the dowsing rod we detected a smail 
field in the first pass. We repeated this. In the second and third pass the rods were deflected at 
greater and greater distances, and when we got to the fifth and sixth pass of the same water, we 
were out ten to fifteen feet from the coil which surrounded the crystal. When we increased this an 
additional number of passes, the deflection was beyond detection by the dowsing rods. We then 
tasted the water and the water had a distinct different taste to it against the water that was not 
treated. It tasted smoother, less acid and left a magnificent taste in the mouth of the individual 
tasting the water. 


We then tried reversing the crystal. with the rear of the crystal facing downward and poured 
the water through the coil. | was standing about three feet from the coil, observing what was nap- 
pening. As the water passed around the crystal, | was hit with a burst of energy coming from the 
apparatus. My eyes were burnt and my body was physically pushed back against the wall, many 
feet away. The next morning my eyes were shut with a yellowish pustulation, in much the same 
effect as if one were exposed to an intense radiative field. This was witnessed by four other peo- 
ple. We then placed the crystal and coil in a wooden box and then enclosed the entire system in 
another protective box. 
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Fig. 4-4. How Solutions Structure Water 


On subsequent experimentation we found that the water was sensitive to structuring by sound 
and light. The most effective sounds we found at first were those of the beating drums of the 
Shamanistic drums and the light we found very effective was the light of a strobe flash pulsing at 
varying frequencies. We built this all into an apparatus where these multiple activities could be 
applied to the flowing water around the crystal. A G.E. Magnetometer was rented and we repeat- 
edly detected the advent of magnetic fields appearing in the water when a crystal was charged 
with thought and intention. When the crystal was not charged, the magnetic fields were exceed- 
ingly weak. In Fig. 4-2 there is a strong interaction between the rotating fields in the coil and the 
field that was stored in the crystal by thought. Over the next four years we did multiple experi- 
mentation on the effect of sound, light, programming the crystal with and without thought, and 
tested the resulting fluid of water with an ultraviolet spectrophotometer and an infrared 
spectrophotometer, we measured also the pH, conductivity of the fluid, and the surface tension of 
the fluid by a Dunoys tensiometer. 


A patent has now been filed with the United States government on the discoveries that we 
have made in our laboratory. A number of important observations have been made and are listed 
below: 


1. Wines can be structured and rapidly aged, bringing about a finishing of a wine in the 
matter of minutes instead of the years that are required for wines to age in a bottle or 
barrel. 


2.  Degasification of the water will take place. 
3. Disassociation of the water into hydrogen and hydronium ions can be affected. 


4. The solubilization of substances difficult to bring into solution, i.e., silica, and their resul- 
tant crystallization can be done with the structured water. 


The Russians, who have done extensive research into the structuring of water, refer to those 
changes in their water as “poly-water.” a water that is polymorphous in structure, rather than 
amorphous. This water is described as having been structured into a form that has a greater hy- 
drogen bonding between the molecules. Most researchers in this field explain this bonding as be- 
ing caused by electron spin changes. That is changes in electron spin number which, according 
to Puchkov and Kisolovskii allow for the intramolecular electrons to move throughout a more crys- 
talline-like lattice structure which now exists for the entire mass than of the water moiecule. 


Theories of Formation of Structured Water 


Trincher, in his research on “Structured Water Adjoining the Surface Later of Erythrocytes”, 
speaks of water being an aggregate of two continuously inter-convertible micro phases; the one 
consists of structured or liquid crystalline water and the other of unstructured or amorphous water. 
The internal energy U of water at room temperatures is 


300 
“f 5.__, dT = 16.7 ©300 <5 kcal/mole, 
U= stand 


° 


Where Sstand = standard entropy of water (T = 293) 
This equals about 16.7 cal deq!' emole! 


T = absolute temperature 


reac. 


Pauling states that the energy of a hydrogen bond E, « is about 4.5 kilocalories per mole™'. 
Most liquid water contains micro phases which are stabilized by hydrogen bonds. Microphase tran- 
sitions in water should naturally take place in either direction with equal probability. When liquid 
crystal states take place in a fluid we have observed the phenomena of super cooling taking place. 
In other words, the structured or liquid crystalline state will remain at temperatures below that of 
the normal transition temperature. Utilizing a heating stage with a polarizing microscope, we ob- 
served a liquid crystal system at both the forward and back transition temperature of water. There 
was on cooling a water that had been structured, a super cooling or reduction in the freezing point 
of the water. The water goes into the 0° C. temperature, which is normally the freezing point, a 
liquid crystal state highly birefringent but mobile and liquid at the same time, and then anywhere 
from 10 to 40° C. below zero, an abrupt transition into the freezing into a solid form of the water 
takes place. Structured water develops a unique, distinct liquid crystal phase which does not exist 
in the original sample of water. The entropy of the system water does not increase but a 
negentropy state has come into being which is independent of thermal fluctuation. We find also 
evidence of this state in the measurements of the UV and IR spectra before and after structuring. 
The fluctuation in thermal energy in water results in continuous phase transitions between the liquid 
crystalline state and the liquid microphases. 


Liquid water does contain, at room temperature, some microphases which are stabilized by 
hydrogen bonding. A contradiction that we note can be resolved by the fact that the energy of a 
hydrogen bond is locally fixed in the crystalline structures while the thermal energy fluctuates. The 
latter energy is distributed non-uniformly over the molecules of the liquid microphases. The fluc- 
tuations in thermal energies in water results in continuous phase transitions between crystalline and 
the liquid microphases, these not requiring energy exchange with ambient media. Microphase 
transition between crystal and liquid take place in water without the participation of an external heat 
source, and it is likely that the transition can take place in either direction with equal probability. 


Let us look now at how the water is structured. What is done is the following: 


A four-, six-, or aight-sided healing crystal is held in the hand of an operator and cleared first 
by the pulsed breath clearing process. It is then held in the right or left hand. A deep 
breath is taken and the mind focused on the crystal and a pulse is given to the breath to pro- 
duce a charge. The charge then is measured with the Omega-5 to see the level of charge in 
the crystal and that is recorded. The crystal is placed into a specially designed holder within 
the glass coil, with the firing tip facing down. The dimension of the crystal encompasses the 
seven right-hand spirals of the tubing. The lid is placed onto the inner and outer chamber, 
and water now is passed through the coil. A sample is taken for each pass: 1, 5, 10 and 20 
passes of the water are made and each sample now is taken and studied for the pH conduc- 
tivity, surface tension, ultraviolet and infrared spectrophotometric changes. We also do a 
time study in which we take the initial measurement and then allow the sample to set in both 
a closed and open vessel for a period of time encompassing a number of days and we plot 
the variation or change that we observe in the conductivity and pH changes that are note. 


Theory 


What we believe takes place is that the first step involves ionization. This produces an in- 
crease in conductivity for the water which now is able to conduct electricity more easily. This is 
consistently shown in the data that we have noted with the samples of water that we have studied. 
Once hydrogen has been ionized, it is then free to form additional bonds with adjacent water mole- 
cules. These bonds are intermolecular in nature. They exist over certain bands or ranges of the 
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electromagnetic spectrum and have been the subject of many scientific papers without total agree- 
ment as to their meaning up to now. The most significant bands for water occur between 3,000 - 
and 3,700cm-'. This is the absorption band where groups of water molecules absorb energy. The 
second absorption band occurs in the vicinity of 1,650cm7', and a third around 750cm-'. The most 
significant values for these bands are listed below along with a quote from one of the Russian re- 
searchers. “It must be pointed out that the band in the vicinity of 3,000cm-' had been studied by 
many scientists whose explanations are often contradictory.” 


Important Absorption Values: 
Mikhailov and Zolotarev: 3756, 3620, 3490, 3420, 3280, 3080, 1690, 760. 


Sidorova, Kochnev, Moiscova, Khaloimov: 8500, 6900, 5200, 3400, 2130, 1645, 740, 175, 
60. 


Eisenberg: 3942.53, 3832.17, 3755.79, 3656.65, 1648.47, 1594.59. 


The Structuring of Water and Its Influence by Both Electric and Magnetic Fields 


“It was discovered that water exposed to a magnetic field was less hard and produced less 
scale than ordinary water. This effect has found practical application in steam boilers. The method 
of magnetic treatment is very simple. The water flows through a glass tube a few millimeters in 
diameter at a fairly high (0.3-0.6 m/sec.) velocity between the poles of a magnet or a series of 
magnets. ”! di 


“Investigations conducted in recent years have shown that other properties of water are also 
.altered by my exposure to a magnetic field; these effects depend upon the exposure condition. 
The effect of a magnetic field on the amount of deposit was determined by evaporation of the 
water (to .2 of its initial volume) and weighing the deposit (scale) and suspended particles. The 
effect (A) was assessed by the relationship below: 


A= 20-48 ; 100, 
a 
where ao and a are the weights of the scale from the untreated and treated water, respectively. "2 
What the researchers have found was that the two field strengths of 1,500 and 4,500 Oersteds 
give the optimum effect. 


“The reduction in the amount of scale depended also on the speed of flow of the water in the 
magnetic field and was greatest in the range of 0.4 - 0.5 m/sec. At lower and higher speeds the 
effect was weaker. Chemical analysis of the scale and suspended particles in the water treated 
with a magnetic field consisted of crystals of rhombohedral and other shapes whereas needle- 
shaped crystals usually predominated. A very important component part of the scale and sus- 
pended particles was calcium carbonate. which is usually released in the form of the stable crystal- 
line modification calcite. The treated water contains a certain amount of unstable modification 
aragonite. 


Changes in the physiochemical properties of water due to a magnetic field have also been 
investigated in experiments with distilled water. These experiments showed an increase in surface 
tension, viscosity, and electrical conductivity of the water, and again the effects were most pro- 
nounced in certain optimum field strengths”? (See Fig. 4-6). 
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Using a magnetic field also affects the dielectric constant of water and the effect was greatest 
at 1,500 Oersteds. Exposure to magnetic field strengths of zero to 1,500 Oersteds also affects 
water in its absorption of light. A change in absorption of light by the water was measured ten 
minutes after its exposure to the magnetic field. The graph below shows “that at all the employed 
field strengths the absorption maxima occurred at the same wavelength. This means that the 
magnetic field does not lead to disassociation or association of molecules. "4 


Experimental 
group Height of plants, mm Thickness of stem, mm 


Control 38.4 + 0.58 
Experiment 46.7 0.29 P <0.001 


Sunflower 


i+ f 


53.35 14.27 
74.5 11.27 


Control 
Experiment 


Absorption coefficient (rel. values) 
Absorption coefficient (rel. values) 


550 
Wavelength, m Current, A 


Absorption spectra at different field strengths (indicated on 
curves) ; 

Absorption in relation to current, i.e., field strength (three 
different experiments) . 


Fig. 4-6. Absorption of Light in Distilled Water Flowing in a Magnetic Field 


Water treated by magnetic fields can affect the behavior and vital activity of living organisms. 
“Experiments with mice showed that the animals were given an intravenous injection (1 mil per 20 
grams of weight) of water which had been exposed to a magnetic field of 1,000 to 1,500 
Oersteds, there was increased urination in 63% of cases in comparison to animals which had re- 
ceived an injection of ordinary water. ”5 
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Fig. 4-7. 
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Fig.4-7. Change in physicochemical properties of water due to 
magnetic field in relation to field strength. A) Surface tension; 
B) viscosity; C) electrical resistance. 


Change in physicochemical properties of water due to magnetic field in relation to 
field strength. A) Surface tension: B) viscosity: C) electrical resistance. 


Fig. 4-7. Change in Physiochemical Properties of Water 
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Change in dielectric constant of water due to magnetic field. 1)and 2) Still distilled water and 
tape water, respectively; 3) flowing distilled water; 4) difference in curves 3 and 1. 


Fig. 4-8. Change in Dielectric Constant 


Dardymov discovered that magnetically treated water, between using a magnetic field of 1,000 


to 1,500 oersteds and using this water to water sunflower, corn and soybean seedlings, 100 millili- 


ters per plant per day, led to an accelerated growth. 


“In a second series of experiments the ef- 


fects of magnetically treated distilled and tap water on the development of soybean were com- 


pared. 


In each case there was a Significant acceleration of the growth of the plants in comparison 


with the control and this effect was more pronounced in the case of tap water.”§ 
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In 1966, Dr. Neprimerov suggested that ortho to para transitions may take place in water 
molecules in a magnetic fieid. The magnetic field energy required for this “is very low, for in- 
stance 100 times less than for the breakage of weak hydrogen bonds in a molecule. Ortho to 
para transitions in aqueous solutions can give rise to regions with parallel orientation of the spins 
and this will lead to the expulsion of dissolved substances from such regions.”7 


Structured Water 


One of the principle things that we are studying at P.R.I. is the relationship between water and 
the quartz crystal. We are most interested in the changes that take place in water that has been 
circulated around a specially cut quartz crystal. 


We refer to this process as the structuring of water with a quartz crystal, and to the water 
that has undergone this process as being structured. Structured water has also been studied by 
several Russian researchers, who have described many of its physical properties as well as how 
and why structured water differs from unstructured or bulk water. Additional work that we will refer 
to has been done by scientists working for the United States Navy. 


Water consists of one oxygen (O) atom and two hydrogen (H) atoms that bond together to 
form a single water molecule (H20). All water molecules are held together by very strong bonds, 
a bond being an actual physical force that holds atoms together. Physicists call these bonds weak 
nuclear forces, while chemists call them covalent bonds. A bond is an actual physical force, 
similar to that of gravity, that acts between atoms to hold them together. 


The most basic definition of structured water is that it is water that has a greater degree of 
bonding between adjacent water molecules than unstructured water. These bonds become 
stronger in a fashion that is similar to that which is found in the formation of ice. Structured water 
is often referred to as water that is in an “icelike” state or condition, and some of the physical 
changes that it undergoes are identical to the changes that water undergoes as its temperature is 
lowered and it is frozen into ice. 


In addition to increased bonding between molecules, structured water molecules can form into 
a crystalline-like structure that consists of elongated chains of molecules that can be differentiated 
from the surrounding water molecules by physical qualities that are consistent with those that are 
found in liquid crystals. These include a marked birefringence anda lowering of freezing point. 


In liquids and solids, such as water and ice, respectively, other bonds or forces form between 
molecules. These are called ionic bonds by chemists because they are formed by ions, which 
are atoms which have either lost electrons (negatively charged particles) or gained electrons, and 
as a result have become electrically charged. 


Covalent bonds and ionic bonds are produced when adjacent molecules share some of their 
electrons and bond together to form either solid or liquid groups of molecules. Fig. 4-10A and 
4-10C show that atoms are composed of a nucleus of protons and neutrons with a cloud of elec- 
trons that orbit at precise distances from the nucleus. The outer electrons that are either added 
to an atom or subtracted from it are known as “valence” electrons. Covalent bonds involve the 
sharing of valence electrons by the atoms that make up molecules. Fig. 4-10B shows the covalent 
bonding structure that exists between the two hydrogen and one oxygen atom of one water moie- 
cule, and Fig. 4-10C shows the ionic bond that exists between adjacent water molecules. Notice 
that the covalent bond has the physical effect of pulling the oxygen and hydrogen atoms closer to- 
gether than the ionic bond. The closer the atoms are together, the stronger are the bonds or 
forces that exist between them. 


water 


In Fig. 4-10D, it may be seen that the ionic bond forms when the oxygen atom of one water 
molecule bonds or attaches itself to the hydrogen atom of the next or adjacent water molecule. 
This is called a hydrogen bond. The hydrogen bond forms when the oxygen and hydrogen atoms 
come together. This bonding may occur for a very long period of time and become permanent, 
as in the case of the covalent bonding of one molecule, or it may last for only a very short period 
of time, as is the case for the ionic bond that forms between water molecules. Most of these 
bonds last for less than a billionth of a second, and are in continual state of formation, breakdown, 
and reformation. 


Density is the weight per unit of volume. The density of water is one gram per cubic centime- 
ter at 4°C. It is less than 1g/cc at higher temperatures. As the temperature of water is lowered, 
the distance between molecules decreases, and the bonding force increases. Cold water is 
therefore more tightly bonded than is warm water. This is also a feature of structured water. 


The phenomenon of increased hydrogen bonding in water also occurs at the surface of water 
where it meets the air. This results in an increase in surface tension for the group of water mole- 
cules that are found here, and it may readily be seen by closely examining a drop of water, where 
you will notice that it appears to be held together in a round or oval shape by some invisible ten- 
sion on its surface that acts as if it were an actual sack or membrane. This is an example of the 
structuring of water at the interface or surface where it meets the atmosphere. The water mole- 
cules at this location have been structured into a condition of increased hydrogen bonding. |f you 
were to continue observing the drop of water as its temperature was lowered, you would notice 
that the surface tension of the drop would continue to increase. 


Many water researchers believe that all structured water has a lowered temperature, although 
they have been unable to prove this with actual measurements. The structured water that occurs 
at an interface, such as the surface of a drop of water, could have a lower temperature than the 
remaining water molecules, but this is difficult to measure because it does not appreciably affect 
the temperature of the group of water molecules as a whole. As water structures, the molecules 
pull more tightly together and as they do so, they may radiate heat and have their temperatures 
lowered. 


The lonization of Water 


The first step in the process of the structuring of water is the ionization of the water. This 
happens when the water molecule is broken down with electromagnetic energy, such as light or 
Static electricity, into one negatively charged hydroxyl ion and one positively charged hydrogen ion. 
The hydroxyl ion consists of one hydrogen atom and one oxygen atom along with one extra elec- 
tron which gives it its negative charge. It is written as: OH-, the minus sign indicating the negative 
charge. The hydrogen ion is a hydrogen atom without its electron and is written as: H+, the plus 
sign indicating its charge. The formation of these ions is shown in Fig. 4-10C. 


When these two ions are combined, a water molecule of neutral charge is produced. When 
they remain separated, however, the water takes on an electrical charge or potential that may be 
measured in volts. This charge is identical in nature to the charge that exists in an automobile 
battery, with the exception that it is not as easily taken out and used as is the stored electrical 
charge within the battery. , 


One of the principal effects of the increased ionization of water is that it makes the water 
more electrically active. The water becomes alive with energy and it is able to react with impuri- 
ties that are in the water to neutralize them. 
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The hydroxyl ion will react with acids and neutralize them, and the hydrogen ion will react with 
alkaline substances and neutralize them. When two hydroxyl ions come together, one hydrogen 
peroxide ion is formed. It has the chemical formula, H202. These ions (electrically charged at- 
oms) are very unstable, that is, they break apart easily, but they also react strongly with other 
molecules. The “extra” oxygen atom on the hydrogen peroxide molecule [H20,] acts to oxidize 
any hydrocarbons that may be in the water. This reaction takes place in the human body when 
structured water, with its additional oxygen, burns off or oxidizes excess hydrocarbons, and fats 
that have accumulated in the body’s cells. The oxygen that is found in structured water may also 
be useful in treating waste products such as raw sewage. 


The water molecule may be ionized by exposing it to ultraviolet light in a process known as 
photoionization. Wavelengths in the range of 1800 to 2000 Angstroms are particularily important in 
this process. When this light energy strikes a water molecule, it knocks off an electron and ion- 
izes it, breaking it down into one hydroxyl ion and one hydrogen ion. This is the reason that sun- 
light can be used to kill off bacteria that have grown in water, as sunlight contains a great deal of 
ultraviolet lignt of these wavelengths. The sunlight ionizes many of the water molecules and these 
ions, in turn, neutralize the bacteria through oxidation. The combination of air and sunlight also 
acts to oxidize bacteria. In this case, there is more oxygen available in the air than in water that 
has been exposed to ultraviolet light, so the purification process will operate at a much faster rate. 


A great deal of sewage and other organic waste products, as well as many types of toxic 
chemicals, are currently present in the water that is found in our lakes, streams, and wells. The 
problems that this form of pollution is presenting us is a formidable one, but it may be solved if we 
find a means of increasing the oxygen content of water by first ionizing it into hydroxyl and hydro- 
gen ions, and then bonding these ions into groups of water molecules, i.e., by structuring them. 
Once a certain percentage of water molecules has been converted into ions, either by ultraviolet 
light or by electrostatic ionization, they must remain in the water if they are to be useful in the 
process of purification through oxidation. This is where the process of structuring them into 
chains of water molecules becomes important, for these chains provide a physical structure, 
similar to that of a crystal, with which the hydroxyl and hydrogen ions may bond. Once they have 
bonded or attached themselves to these chains, their viability (the time that they will remain in the 
water) becomes much greater. If the hydroxy! and hydrogen ions are not bonded into chains, 
rings, or similar structures, they will either leave the water through degasification or reform back 
into water molecules. ; 


Currently, the most popular means of adding oxygen to water is through the process of aera- 
tion. Air or pure oxygen is pumped through water. This process is used in fish tanks and aquari- 
ums and by bottled water companies. When an air bubble moves through water, it may become 
trapped there because of the bonding forces or interactions that occur at the surface of the bub- 
ble. An air bubble in water behaves the same way that a drop of water does in the air. Hydrogen 
bonds are formed at the interface surface that is between the air and the water. These bonds are 
produced by the structuring of the water at these interfaces into crystalline-like chains or rings. 
and these chains are able to bond the oxygen that is in the air into their structure. In the case of 
an air bubble in water, only the interface or surface of the bubble would be capable of structuring 
oxygen into the water. The remainder of the oxygen that was in the bubble would not be added to 
the water. For this reason, the oxygenation of water by aeration is not a very efficient process. 


lf aeration processes and technologies are combined with the structuring process, then signifi- 


cantly greater amounts of oxygen may be added to water. We hope that in the future, the struc- 
turing process that we have developed at PRI will be used for the purpose of purifying water. 
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Structured Water, A Lyotropic Mesophase 


In the previous section, we discussed the relationship between water and oxygen. Structured 
water has been defined as water that has a higher degree of hydrogen bonding, ionization, and 
chain formation than ordinary or bulk water. We have shown that this type of water will have many 
future applications in the area of water detoxification and purification. In this section, we shall de- 
scribe structured water in more specific terms. 


Structured water may be described as a lyotropic mesophase. “Lyo” means “in water” and 
“meso” means “mid” or “middie”. A Lyotropic mesophase is a middie or halfway phase. When 
used to describe water, it implies a phase for water that is midway between the liquid and solid 
states. This term is used to describe liquid crystals that are in water. The structured water 
mesophase is a transition phase that lies midway between the liquid and solid states. The unstruc- 
tured water that surrounds the structured water is in a liquid state while the structured water is part 
way into a solid state. 


Liquid crystals consist of complex organic molecules, such as fats and cholesterols, that are 
in water. The physical condition of a liquid crystal can be likened to that of a piece of well-cooked 
spaghetti. This common food substance is composed of fats and carbohydrates that have a semi- 
solid consistency. 


One of the features of the water mesophase is that of lowered temperature. Structured water 
chains are tighter than unstructured water in its amorphous form, and these chains will radiate heat 
energy away and thereby have their internal temperatures lowered. This feature can be seen by 
measuring the temperature gradient of lake water, that is, the temperature of the water is taken as 
one moves to progressively lower levels within the lake. When this is done, it is found that the 
water is cold at the surface, then it warms up to its maximum temperature before it falls to its low- 
est temperatures as the depth increases. Each layer of lake water can be regarded as a 
mesophase with differant internal temperature. 


The cold temperatures at the surface seem contradictory with what would be expected, be- 
cause the heating action of sunlight would be the greatest at the surface, however, the ultraviolet 
in the sunlight is acting to structure the water into microphases that have the property of lowered 
temperatures. The water that is near the surface would also have the highest oxygen content. As 
one drops to a greater depth in the water, the temperature increases for a certain distance until it 
once again begins to fall due to the lack of sunlight and heat. The description of the temperature 
gradient of lake water is consistent with what fishermen know about the behavior of fish that are 
found in lakes. It is known that fish generally remain in deep water during the day and that one 
must fish at these depths in order to catch them at these times. At daybreak and sunset, how- 
ever, they will come to the surface to feed on insects and that this is the best time to catch them. 
The fish are either found at the bottom of a lake or at its surface during feeding times, and in 
either case, they usually remain in the water that is the coldest, the most structured, and that has 
the highest oxygen content. This oxygen is vital for the life processes of the fish. 


The lyotropic mesophase for water is in a constant state of change and transition. The struc- 
tured water molecules are continually forming, breaking, and-reforming their bonds. We have de- 
scribed the rates at which this process occurs in terms of “bond formation times” for the water 
molecuie. 
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Fig. 4-9. Bond Formation Times 
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Fig. 4-9, shows the bond formation times for water that is unstructured, for ice, and for water 
that is found with different types of molecules, both organic and inorganic. It can be seen that ice 
bonds will last about one million times longer than the bonds of unstructured water. The exact 
bonding time for structured water varies according to the nature and type of substance that it is 
bonding with, so the water mesophases wouid also vary. Only those water molecules that are in 
actual contact with other substances will have their bonding times increased, so the lyotropic 
mesophases will vary greatly in their formation times. A formation time can be regarded as a life- 
time or lifespan for the water molecules that are in this bonding process. 


The exact nature of the bonding process for structured water is not known, but it is possible 
that only very small amounts of carbon, silicon, or iron would greatly influence the bonding process 
and increase substantially the lifespan and viability of the structured water mesophases. 


When silicon is present in water, its bonding time becomes very long, and from this it may be 
inferred that substances that contain silicon, such as ordinary sand, which is silicon dioxide (Si Os), 
will structure water to a high degree. We have been able to confirm this in our work at PRI. 

When we added a very small amount (.01%) of silicon in the form of silicon gel, silicic acid, or 

powdered quartz to water, we found that it structured the water to a much higher degree than if 
we did not put the silicon in the water. The fact that sand will greatly enhance the structuring of 
water gives us a clue as to the purity of water that is found in rivers and streams that flow over 
this very abundant material. 


Whenever water moves over sand. the sand can be said to grab onto the water as it goes by. 
This happens because the oxygen atoms that are part of the silicon dioxide (sand) form hydrogen 
bonds with the hydrogen atoms of the water moiecule. The water will literally stick to the sand. 


The momentum of the water wants to carry it along, while the weight of the sand wants to 
slow it down, and the result of these two actions is that the water molecules may break apart into 
hydroxyl and hydrogen ions. Once this occurs, these ions will bond into the structured water 
microphases and be available for oxidation reactions. In addition to this action, the structured 
water forms bonds with a silicon-based molecule, and this will increase the lifespan for the 
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watgmoiecules. This happens because of the long bond formation time for water when it is 
bonded to silicon (see Fig. 4-9). In the future, we may see a technology that purifies water by 
combining aeration with filtration through beds of sand. As the sand interacts with the air and 
water, the oxygen that is in the air would not only bond to the water molecules but would do so for 
longer periods of time. 


The Collagens and Erythrocytes are organic molecules. Whenever water comes in contact 
with them, or other organic molecules, it becomes structured to a high degree, and the water 
microphases have increased (longer) formation times or lifespans. Several Russian researchers 
conducted experiments that showed that the water that was extracted from living tissue had a 
highly structured nature. It reportedly did not freeze until a temperature of -40° C was reached, 
as compared to 0°C for normal water. it also had other physical characteristics that are only 
found in water that is below 4° C in temperature or frozen into ice. The physical changes that oc- 
cur in structured water also occur for water at low temperatures, and for this reason, structured 
water is said to be “icelike” in nature. These changes are described in greater detail in the fol- 
lowing sections of the book. 


The organic molecules that are found in the body are composed of a large number of atoms. 
The DNA molecule that contains the genetic coding for the body has over 250,000 atoms in its spi- 
raling, double helix structure. When water comes into contact with these molecules, it becomes 
structured into its lyotropic mesophase and has its hydrogen bonding increased. This type of 
water has been extracted from living tissues by various Russian researchers, who then examined it 
for changes in its surface tension and freezing point. They then discovered that this water has a 
depressed freezing point and greater surface tension. 


The Russian work on water that was extracted from living tissue has been subjected to a great 
deal of criticism by other researchers and scientists, who have pointed out that this type of water 
probably has a large amount of salt in it, and that this salt would lower its freezing point. This 
criticism is true is so far as it goes, however, what was not said was that the salt that was-in the = 
tissue water was also bonded or attached to the water molecules, and that.this was the reason 
that the water showed a depressed freezing point. If salt is added to water, it usually saturates 
the solution and begins to fall to the bottom of the container very quickly. Only a smail percent- 
age of salt can be absorbed by water, but in structured water, and in structured tissue water as 
well, much higher percentages of salt can be added to water without it precipitating out of the so- 
lution (falling to the bottom of the container). This is the feature of structured water that the crit- 
ics of the Russian work failed to take into consideration. 


The organic molecules that are found in the body bond a large number of water molecules onto 
their molecular chains or structures, so the water that is found in a living organism is very highly 
structured. If structured water was used in the body, then these organic molecules would not have to 
expend as much energy and time in bonding them onto their structures. For this reason, structured 
water should be of benefit to all living things. 


The degree of structuring of water is related to the presence of the various impurities that are 
found in it and to their bond formation times as well. But a long bond formation time for a particular 
mineral impurity does not in itself ensure that the water will become structured. Most minerals will 
begin to saturate solutions of water when they are present in amounts as low as one-tenth of a percent 
of the total solution. 
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The water molecule ionizes into a hydroxyl ion and 
a hydrogen ion. The hydroxy! ion is shown with 
eight electrons around the oxygen atem and two 
around the hydrogen atom. The excess electron 
gives it a negative charge. The hydrogen ion (H+ 
is actually a proton without its electron. This gives 


Fig. 4-10 A, B, ©. The lonization sili is aialeian i 


_of Water - Intramolecular Bonding 


Fig. 4-10 A,B,C The lonization of Water - Intramolecular Bonding 
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When we were studying the effects of silica (powered sand or quartz) on the Structuring of water, 
we used a solution of only one-hundredth of a percent. This means that even though the mineral 
impurities that are found in water are able to increase the degree of structuring of the water, this effect 
is limited by their solubility. At some point, it does no good to continue to add minerals to water, as 
they will only leave the solution through precipitation. 


When these facts are taken into consideration, we can see that if we were to plot two graphs 
that depicted the degree of structuring that the various impurities are able to impart to water, one 
plot would show an increase in structuring as minerals and organic molecules were added, and the 
other would show a decrease in structuring due to a decline in their solubility. Even though the 
carbon and silicon minerals that are added to water increase the extent of its structuring, they be- 
gin to precipitate out of water at low concentrations. They are only able to form bonds with a 
small number of water molecules. On the other hand, the organic molecules, because of their 
size, are able to bond a large percentage of the water molecules that they are in solution with, so 
they may be the greatest enhancers of the structuring process. Possibly, solutions that contain a 
mixture of organic molecules and salts and other minerals in the proper proportions would show 
the greatest degree of structuring. 


Atoms, Molecules, and Molecular Structures 


It’s important to understand how the elementary particles, the proton and electron, align them- 
selves to produce atoms, and then how these atoms come together to form the groups of molecules 
that are known as crystals. This last step occurs when water becomes structured into its liquid crystal- 
line phase. 


Figs. 4-10A, B, C and D show atoms, molecules and molecular structures. 


Fig. 4-10A shows an oxygen and hydrogen atom. The oxygen atom has eight protons (of positive 
charge) in its nucleus along with an equal number of uncharged neutrons. It also has eight negatively 
charged electrons that orbit the positively charged nucleus in two “shells” or orbits that are at precise 
distances from the nucleus. The oxygen atom has a radius of 1.4 Angstroms, and the hydrogen atom 
is a radius of 1.2 A (Angstroms). One Angstrom is equal to one ten-millionth of a millimeter. 


Only a certain number of electrons may orbit within a particular shell. The shells are referred to by 
letters according to the sequence “K, L, M, N,” for the first four shells, starting from the one that is 
closest to the nucleus and moving outward. The “K” shell may only have two electrons in it while the 
“L” and “M” shells can have as many as eight electrons. The “N” shell may have eighteen electrons. 
The shells are considered to be full wnen they have these exact numbers of electrons in them. Full 
shells are not capable of taking any more electrons. 


It can be seen that oxygen has only six electrons in its second or “L” shell. This shell is capable 
of holding two more electrons, or eight in all, and the oxygen atom can easily pick up these two extra 
electrons from other atoms. When it does so, the two excess electrons give it an excess negative 
charge of minus two. When it does this, the oxygen atom becomes electrically charged into an oxygen 
ion, and it is written as: O-@. 


The hydrogen atom that is drawn in Fig. 4-10A has only a single proton in its nucleus, and there- 
fore only needs a singie electron in the first sneil. The reason that water bonds into such a tight 
molecule is that the single electrons of the two hydrogen atoms fill up or “saturate” the second shell of 
the single oxygen atom and complete its natural structure. When the hydrogen atom loses its single 
electron, it becomes ionized into an ion with a positive charge of one. The hydrogen ion is written as: 
Ht. 


4-20 


yralos 


Fig. 4-10B shows the manner of formation of one water molecule from two hydrogen atoms and 
one oxygen atom. The electrons from the hydrogen atom are drawn into the orbits of the oxygen 
atom, and when this occurs the atoms are pulled into a close alignment where their individual spherical 
shapes are merged into the irregular, oval-shaped mass of the water molecule. This is an example of 
covalent bonding. 


The weak nuclear force pulls atoms together into molecules against the force of electrostatic 
repulsion that exists between the many negative charges of the electrons. Electrostatic forces 
arise when charged particles, either electrons of negative charge or protons of positive charge, 
come into close proximity with each other. If opposite charges (positive and negative) are in- 
volved, then an electrostatic force of attraction is produced, but if like charges are involved (nega- 
tive and negative, or positive and positive), then a force of electrostatic repulsion is produced. 
Since electrons are found on the outside perimeter of atoms, these perimeters always have a 
negative charge, which means that atoms will have a tendency to push away from one another 
with the force of electrostatic repulsion that these charges produce. In order to overcome this 
force of repulsion, a much stronger nuclear force develops that attracts and holds atoms together. 
This force produces the covalent and ionic bonds that hold water molecules together. 


ceca 


+ Fig. 4-0p, tec water molecules bond ionically. The O-H-O distance is: 1.76A + 
.957A = 2.717A. The angle between hydrogen atoms is 104.5°. 


Fig. 4-10D Intermolecular Bonding 
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Fig. 4-10D shows the manner in which two or more water molecules come together and bond into 
a group of water molecules. The “OH” or hydrogen bonds that exist for a single water molecule now 
hold groups of water molecules together. The difference between the type of bonding that occurs for 
a single water molecule, as seen in Fig. 4-10B, and a group of water molecules, as seen in Fig. 4-10D, 
is that the strength of the bond for the single water molecule is much greater and the distance between 
the oxygen atoms is much less. The covalent bond of the single water molecule pulls the oxygen and 
hydrogen nuclei to within .957 A of each other while the ionic bond that forms between adjacent water 
molecules does not pull the oxygen and hydrogen atoms nearly so close together. The length of the 
ionic bond is 1.76 A. These bond lengths, as well as the respective oxygen and hydrogen atoms are 
shown in Fig. 4-100. The combined length of the covalent and ionic OH-bond is: .957A + 1.76A = 
2.717A. This is referred to as the “O-O” distance. 


The closer that atoms and molecules come to one another, the stronger the bonds between them 
become. One of the most important features of structured water is that the OH bonds between adja- 
cent molecules become stronger as the molecular chains or groups of molecules draw closer together 
and.become tighter. This also occurs for water as its temperature is lowered toward the formation of 
ice. The following graph (Fig. 4-13) shows the change in the O-O distance as a function of tempera- 
ture for water. Seven different curves have been plotted for water that is at seven different tempera- 
tures in degrees Centigrade (water freezes at 0°C, and boils at 100°C). The curves show the number 
of water molecules with specific O-O distances in Angstroms. The peaks in each curve show where 
the greatest number of molecules have their O-O distance at a specific temperature for the water. 
You can see that the peaks move from a maximum near 2.75 A at 4° C to a maximum of about 2.95 A 
at 200° C. This means that as the temperature of water is lowered, the O-O distance decreases and 
the molecules are drawn closer together. 


Structured Water ‘as a Crystalline Microphase 


In this section, we shall discuss the manner in which water structures into a crystalline-like form, 
and then we shall compare this form to the structure of the quartz crystal. 


In the previous section, structured water was described as a lyotropic mesophase with bond 
formation times, that is, as a liquid crystal with a periodic rate of formation and break-down. A 
microphase differs from a mesophase in that it refers to the actual molecular structure instead of the 
condition of that structure. Microphase, or microstate, refers to the angular, geometrical alignments 
that water molecules have when they move into the structured condition. 


The quartz crystal, which we shall compare to the structured water molecules, exhibits a micro- 
state but not a mesophase, as its structure is permanently solid rather than transitionally liquid and 
semi-solid. When we examine the various angles that occur for the quartz crystal, we shall discover a 
possible basis for its compatibility with water, and the reason why we have used it to enhance the 
structuring of water. 


The basic geometrical structure for both quartz and structured water is that of the tetrahedron. 
Fig. 4-11A shows this structure for a group of five water molecules. Four molecules, numbered “1, 2, 
3, and 4,” form the vertices or points of the tetrahedron while a fifth molecule may occupy the position 
at the center of the tetrahedron. This central position can remain unoccupied or it can be filled by one 
of the many molecules that can be found in water. These molecules can be the oxides of many 
different types of elements such as iron, carbon, silicon, or aluminum, or they can be dissolved salts 
such as sodium chloride, magnesium sulfate, etc. 


When water molecules bond together, they form tetrahedrons in one direction or alignment of the 
group molecular structure and another alignment, that of the “puckered hexagonal ring”, in another 
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direction. These puckered rings are shown in Fig. 4-11B. The reason for the puckered or tilted rings is 
that the bonding angle that exists between any three water molecules is 109.5°. A regular, flat hexa- 
gon has angles of 120°, so if water molecules, with their smaller angles, are to be formed into a 
hexagon, then the hexagon must have an uneven or crumpled structure that is not in a flat plane but is 
instead a three dimensional object. 


Fig. 4-11B also shows the placement of the four water molecules that formed the points of the 
tetrahedron in Fig. 4-11A. It can be seen that the tetrahedral bonding structure acts to hold succes- 
sive layers of hexagonal rings together. Actually, every water molecule is bonded to its three nearest 
neighbors, but the complexity of this bonding is difficult to picture, so it has been simplified in the 
drawing. 


The most important factor in the bonding of water molecules is not the number of bonds but 
their strengths. Stronger bonds correspond to more tightly packed molecules, and this is the main 
feature of the structured water microphase. 


Fig. 4-11A. Water Tetrahedrons Fig. 4-11B. Hexagonal ring rotation of closed rings produces 
open rings 


Davis and Litovitz propose the two hexagonal arrangements that are shown in Fig. 4-118. The 
closed-backed rings occur when the high and low molecules in the layered rings are directly over one 
another. It is as if the hexagonal rings were in a crumpled condition, and when one ring is slid over 
another, these crumples or puckers fit exactly onto one another. The second diagram in Fig. 4-11B 
shows the open-packed arrangement where one ring has rotated through a 60° angle and the low spot 
on one ring is directly over the high spot on the ring above or below it. In this case, the rings push 
apart and a void or space forms between them. 


The open ring arrangement is the one that fits most closely with the concept of the formation of 
structured water. It could also be the manner in which water forms into snowflakes, as all snow shows 
this 60°, perfect hexagonal ring formation. Each 60° arrangement of a snowflake is produced by a 
series of these 60° ring rotations that occur as the closed-packed ring is transformed into the open- 
packed ring. The rotation through 60° also occurs very suddenly without the molecules stopping at any 
lesser angles. This feature is characteristic of the formation of liquid crystals, where the microstate 
transitions occur very suddenly. 
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Fig. 4-11C also shows how the interlattice angle forms as the crystalline rings rotate up onto one 
another. The first two drawings show four of the six molecules that form the hexagonal rings that are 
shown three-dimensionally in Fig. 4-118. The remaining two molecules in the rings would be behind 
the middle two molecules that are drawn in Fig. 4-11C. 


The four dark circles represent the molecules that are found in one ring, and the four light circles 
are those that are found in the next ring below. 


The rings can rotate as they do in Fig. 4-11B, but they can also rotate and transiate or move such 
that they are no longer directly over one another. This is shown in the first two drawings of Fig. 4-11C. 
When this translational movement occurs, the layered rings move up onto one another and a void is 
created. In the second drawing in Fig. 4-11C, the void is filled with a different molecule, as indicated 
by the lined circle. 


The entire hexagonal rings are drawn in the third drawing of Fig. 4-11C. This is a top view that 
shows how two of the layered rings would appear after they have undergone a translation into their 
crystalline shapes. The rings are no longer directly over one another, and an angle has formed be- 
tween them. This has been designated as the “interlattice angie.” 
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Fig. 4-11C. Crystal Formation 


In the science of crystallography, the interlattice angle is related to the basal angie (Tutton), 
which is defined as one-half of the angle of the tip of a crystal. The interlattice angle would be 90° 
minus the basal angle. For the quartz crystal, the basal angle is approximately 38°, so the interiattice 
angle would be 52°, 


You may have noticed that we have changed from talking exclusively about the crystalline struc- 
ture of water to talking about crystalline structures in general and about quartz in particular. This is not 
without purpose, because there exists a definite similarity between the solid crystalline form that is 
known as quartz and the liquid crystalline form that we refer to as structured water. 
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The apparent differences between quartz and water seem great, but they have many similarities 
in their crystalline structures. Crystallographers know a great deal about quartz because it is a solid 
substance that can be studied under microscopes and other laboratory equipment. Water on the 
other hand, is in a continual state of flux and change with the individual molecules bonding together 
and breaking apart. These bonding rates were listed in Fig. 4-9. 


The fact that water is a liquid makes it difficult to study. Much of the knowledge that we have 
about water has been inferred from measurements that do not give us a clear picture of the actual 
formation of groups or layers of molecules, but instead only show us some of the physical changes 
that are associated with these groups. 


There is some evidence from electron microscopic studies that groups of water molecules can 
form into long strings that can be easily differentiated from the larger mass of water molecules that 
they have been observed in. Despite this, we still do not know the exact crystalline structure that water 
molecules have formed into, but we can infer something about this structure, and the angles that are 
involved in it, from the descriptions of water molecules that are available in the existing scientific 
literature. 


It has been mentioned that the angle of the tip of the natural quartz crystal is 52°. This is the 
angle that each edge of the quartz crystal forms with the imaginary plane that is perpendicular to the 
axis (length) of the crystal. If the tip of the crystal could be cut off flat and the sides of the crystal 
eliminated, then the crystal would look like a six sided pyramid, and the angle that each edge formed 
as it intersected the base of this pyramid would always be 52°. Coincidentally, but perhaps not, this is 
the same angle that the edges of the Great Pyramid at Giza make with the base of the pyramid. 


The interlattice angle for quartz is 52°. This angle can be related to angles that are found in the 
intramolecular (within one molecule) and intermolecular (between adjacent molecules) bonds of the 
water molecule. The intramolecular bonding angle for the water molecule is 104.5° (see Fig. 4-10D). 
This is the angle that exists between the two hydrogen atoms of each water molecule. It is almost 
exactly double the interlattice angle for quartz. 


Another important angle for the water molecule is the intermolecular angle that is known as the 
“hydrogen bond bending angie”. This is shown in Fig. 4-12, which is a more accurate representation 
of the nature of the bonding between adjacent water molecules than is Fig. 4-10D. In comparing these 
two figures, you will notice that the angle between the two molecules is slightly different. In Fig. 4-10D 
the hydrogen atom is directly in line with the two oxygen atoms, while in Fig. 4-12 it is slightly off line or 
tilted away from the O-O line. The degree of this tilt is called the bending angle. In Fig. 4-10D, the 
bending angle would be O°. In Fig. 4-10D, the bending angle is 0°. 


In Fig. 4-12, the bending angle is shown as 26°. The bending angle can be any where between 
20° and 60°, but the most common angle is 26° (Pople in Eisenberg and Kauzman). This angle devel- 
ops because it happens to be where the intermolecular bond becomes the strongest. This angle is 
exactly half of the interlattice angle for quartz, as the intermolecular angie was almost exactly double. 
The second most common bonding angie is 54° (Franks), and this too is close to the quartz crystal’s 
interlattice angle of 529. 


It appears that the water molecule has bonding angles that are almost exact harmonics or ratios 
of the interlattice angle for the quartz crystal. This can hardly be a coincidence. Instead, there seems 
to be a fundamental, although unrecognized, similarity and compatibility between the quartz crystal 
and the water molecule. This similarity allows the electromagnetic and acoustic (sound) fields of 
energy that are introduced into the crystal to be transferred through resonance to the structure of 
groups of water molecules. This compatibility of structures can also be seen in the very long bond 
formation times that exist for silicon that is found in water (see Fig. 4-9). 
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Fig. 4-fR The hydrogen bond bending angie at 26°. 


. Fig. 4-12. The Hydrogen Bond Bending Angle 


The structure of the quartz crystal can replicate itself in water because of a resonance transfer 
that is based upon structure. This structure may produce specific frequencies or frequency patterns, 
also called harmonies, that are able to transfer to the water molecule. Only small amounts of energy 
are required for this transfer, as the most important factor here is structure or form rather than en- 
ergy. In the experiments that were done at PRI, significant structuring of water occurred by spinning it 
around a cut quartz crystal. The only energy that was present in these experiments was that of the 
water as it fell, under the influence of gravity, through the structuring device. Later, small amounts of 
energy in the form of low frequency sounds and pulsed lights were added and a greater degree of 
structuring was produced. 


Although the exact physical mechanism or means of action is not known, a mutual resonance 
appears to develop between the quartz crystal and the spinning water, a resonance that is based on 
structure and frequencies and smail amounts of energy, and the water takes on the same crystalline 
structure that the quartz already possesses.- 


We have studied the relationship between the quartz crystal and the water molecule at PRI by 
spinning water around a cut quartz crystal. Our work may be the first to study this relationship, and it 
may be the initial work in a new science which will study the relationship of crystals in general to 
biological (living) systems. 


Water is essential to all living things. It comprises 70 to 80 percent of the total weight of the 
human body. All of the vital chemical ingredients that the body is made up of are carried throughout 
the body by water. if the quartz crystal is able to affect this water and alter its internal structure and 
some of its physical properties, then other crystals may be able to do so as well. If the water that is in 
a living organism can be changed, then it is reasonable to assume that the organism itself will be 
changed. If structured water is able to bond oxygen more strongly, then it is likely that it is also able to 
bond other substances such as the mineral salts, proteins, vitamins, and carbohydrates more 
strongly. 


All of these substances are essential if the living cell is to grow and reproduce. Structured water 
may be able to bring them to the cell more efficiently than unstructured water, and the cell may be 
able to use them more efficiently if they are bonded into structured water. 


We believe that a future technology that is based on the structuring of water by circulating it 
around quartz crystals will be of great benefit to our society. We have discussed some of its pos- 
sible applications in the field of water purification and oxygenation, but the much larger discipline of 
medical research and applications remains to be explored. 
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Structural Changes for Water 


As water forms into ice, it not only becomes a solid instead of a liquid, but it undergoes a 
Structural change as well. This change involves the movement of the water molecules away from 
one another and the formation of much stronger hydrogen bonds between them. The movement 
of the molecules accounts for the fact that ice is less dense than water and will float on it. The 
movement of the adjacent molecules can be seen in Fig. 4-13, where the O-O distance (the dis- 
tance between the oxygen atoms of adjacent water molecules) decreases as the temperature of 
the water decreases. 


The minimum O-O distance is reached at a temperature of 4°C, but what the chart does not 
show is that the O-O distance at 0°C is slightly larger. Ice reaches its maximum density and mini- 
mum Q-O distance at 4°C, and as it freezes into ice this distance increases slightly. 


The transition from water to ice involves the transition from a liquid to a solid, but the transi- 
tion from water at 4°C to water at O°C (ice) involves the formation of a lyotropic mesophase or 
liquid crystal system. Ice becomes solid slowly during this transition, and becomes fully solid at 
o°c. 


As water freezes into ice, the energy that has been stored in the atomic structures, most 
likely the electron spin alignments, is converted into a force field which acts through the small dis- 
tances that exist between adjacent molecules. This force field, called the weak nuclear force or 
electroweak interaction, acts to hold all atorns together as they form into molecules and init the 
larger molecular structures that are known as crystals. 


In the next section we shall discuss the specific electromagnetic frequencies that water is sen- 
Sitive to and is able to absorb in large amounts. For now, we shail only consider the ultraviolet 
frequencies that water is sensitive to. These frequencies have wave lengths in the range of 1800A 
to 2400A, with maximum rates of absorption occurring at 1900A. 


In a previous section, it was stated that ultraviolet radiation was able to ionize the water mole- 
cule into one hydroxyl ion and one hydrogen ion during the process of photoionization. But the 
ultraviolet frequencies that produce photoionization can also be stored in the molecules and their 
energy used for the ionic bonding force. The transition between energy and force, that is, the 
conversion of energy into force, is a process that is not yet understood by modern science, but 
the physical reactions and changes that occur for the lyotropic mesophase for water give us a clue 
as to the nature of this important physical process, what is referred to in liquid crystallography as 
a “change of state”. 


Energy is equal to force times distance. When you lift an object, its weight can be consid- 
ered a force, and the distance that it is lifted through, when multiplied by its weight, will give you 
the energy that has been stored in the object. If you were to drop the object, this stored energy 
would be released as a force when it finally hit whatever was below it. 


Since the conversion of energy into force involves the force moving through a distance, and 
since adjacent water molecules move apart as they freeze into ice, it is reasonable to assume that 
the distance that the water molecules move is related to the force that is now holding them to- 
gether in their new configuration. If this concept is actually a physical law that applies for all at- 
oms and molecules, then all crystals, liquid or solid, should also expand when they form. In other 
words, crystals should be less dense than their non-crystalline counterparts. 
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Fig. 4-13. Temperature Effects on Water 


This statement seems to be a contradiction of the previous assertion that the crystalline 
microstates for water are tighter and more compact than is the surrounding, non-crystalline water. 
However, this contraction or tightness only occurs for the adjacent molecules that are found in one 
hexagonal ring structure. When successive rings rotate over one another (see Figs 4-11C and 
4-11B, a void is created as they are forced away from one another. This movement produces the 
true crystalline state which is three dimensional. 


In the process of ring contraction and layered ring expansion, some of the molecules in the 
layered rings move closer together while others move further apart and a void between the layers 
is created. The overall effect of the ring movements is to produce a crystalline structure that is 
less dense than its amorphous, non-crystalline counterpart, even though they are both composed 
of exactly the same atoms and molecules. The difference between crystals and non-crystals is the 
manner in which adjacent molecules bond to one another. This is as true for crystalline water as it 
is for solid crystals such as quartz. 


The study of water and its physical properties should give us a great deal of evidence about 
the process of crystalline formation. The concept of converting ultraviolet energy into a bonding 
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force has just been discussed, but even more revealing knowledge can be gained by looking more 
closely at the relationship between the O-O distance for the water molecules, the energies that 
correspond to these distances, and to the structural changes that groups of water molecules un- 
dergo as their bonding energies are increased. 


Microstates 


The process by which water freezes into ice as its temperature is lowered from 4°C to 0°C 
gives us an example of the formation of liquid crystal microstates. These states are valid for all 
types of liquid crystals, not just the structured water mesophase. If we look at the body of any 
animal, we see many types of liquid crystals with varying degrees of solidity. Body fluid is very 
close to the liquid crystal state that is currently known and recognized, while much more solid tis- 
sue such as muscle and bone are liquid crystals of a different order, as they are more solid and 
rigid than body fluids, but they are still a lyotropic mesophase as they too consist of organic mole- 
cules in water. The difference between the liquid crystals that make up the biood or body fiuids, 
and those that are muscle and bone, is only one of degree, that degree being their solidity as de- 
termined by the percentage of water that is found in either type of system. 


The varying degrees of solidity for different liquid crystal systems can be seen in the varying 
degrees of solidity that occur for water as it is frozen into ice between four and O°C. As this oc- 
curs, the water becomes progressively more solid as its temperature is lowered, moving from a 
true liquid to a gelatin-like soup and finally to a solid. 


The formation of the structured water or liquid crystal microstate can take place as the tem- 
perature of the water is lowered, but the formation of the microstate can also take place without 
an overall lowering of temperature. This is what occurs with oxygen at the surface of a body of 
water. In these cases, the water that is structured actually undergoes a lowering of temperature, 
but the structured water only amounts to a very small percentage of the total molecules that are in 
the larger group of water molecules, so the temperature change for this larger group is very small. 
The formation of the mesophase also results in an increase in the surface tension of the water, 
and both of these changes can be measured and compared to the surface tension and tempera- 
ture of unstructured water. 


If water can have its bonding forces increased without lowering its temperature, then we have 
discovered a technology that will be able to improve the quality of water without the use of large 
amounts of energy. If the only way to structure water was to lower its temperature, then we would 
only have discovered a process which would be very expensive in terms of energy usage, as low- 
ering the temperature of a large body of water would entail large amounts of energy. The same 
would be true if we were to add oxygen to water and remove minerals from it through the process 
of electrical ionization. This is currently done in the production of purified water. It is quite an ex- 
pensive process, and is the reason for the high cost of this type of water. The process of circu- 
lating water around a quartz crystal should prove to be inexpensive in comparison with the existing 
process of electrical ionization. 


lf greater amounts of energy can be stored in the interlattice vibrations of water, then stronger 
intermolecular bonds can be formed. Stronger bonds mean a greater degree of structuring or 
chain formation, so the structuring of water is directly related to the amount of energy that can be 
absorbed and stored by the water molecules. 


Fig. 4-14A and Fig. 4-14B show the relationship between the amount of energy that can be 
put into a hydrogen bond for adjacent water molecules, the length of the O-O separation between 
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adjacent molecules, and the bending angle that was shown in Fig.4-12. The energy of the bonds 
is in kilocalories per mole (kcal/mol), the O-O length (R) is in Angstroms (A), and the hydrogen 
bond bending angle (8) is in degrees. A kilocalorie is one thousand calories, and a calorie is a 
common unit of energy that is used (among other things) to measure the energy content of food. 
A mole is the number of molecules that can be found in one liter. 


The total energy for all of the hydrogen bonds for all of the molecules in one liter of water is 
listed in the right hand column. If this energy value is divided by the number of molecules that 
can be found in one liter, then the amount of hydrogen bond energy for each water molecule can 
be found. 


Bending Angle (B) O-O Distance (R) Energy in 
in Degrees in Angstroms kcal/mole 


0 2.55 7.3 
10 2.60 a2 
20 2.60 6.8 
30 2.65 6.2 
40 2.70 5.3 
50 2.75 3.4 
60 2.8 : 3.1 


Fig. 4-14A. Energy and O-O Distance at Different Hydrogen Bond Bending Angles 


As the bending angle decreases, the O-O distance decreases, and the amount of energy for 
bonding increases. A decrease in the O-O distance means that the hexagonal rings that the water 
molecules are aligned in are being compressed into smaller sizes, and a decrease in the bending 
angle means that successive rings are drawing closer to one another. 


The values for the O-O distance that are listed in Fig. 4-14A reach smaller minimums than 
those that are shown in Fig. 4-13. This is because that latter are the average distances that exist 
for a large group of water molecules, while the former are the distances that can be achieved for 
small groups of molecules. When we are dealing with structured water, we are only considering 
those molecules that are able to achieve O-O distances and bending angles that are less than the 
norm. What we are also contending, however, is that these minority molecules can have their 
numbers increased by the structuring process of spinning around a quartz crystal, and that the 
entire mass of water molecules will have their average O-O distances and bending angles de- 
creased as weil. 
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Fig. 4-148. Graph of Energy and O-O Distance at Different Hydrogen Bond Bending Angles 


Hydronium Chains 


Whenever the O-O distance goes below the average value of 2.7A, water molecules are ion- 
ized into a positively charged hydronium ion and a negatively charged hydroxyl ion. This only oc- 
curs when two adjacent molecules are so tightly bonded that they act as a single molecule. The 
formation of the hydronium ion is shown in Fig. 4-15. One hydrogen ion: (one proton) is added to 
a water molecule and a hydronium ion is formed. The extra proton attaches itself to the water 
molecule with an ionic bond that has a greater OH distance than the covalent bonds that exist be- 
tween the oxygen atom and the two hydrogen atoms of the water molecule. The actual process of 
formation for the hydronium ion involves Fig. 4-10C and Fig. 4-15. A single water molecule (Fig. 
4-1C) is first ionized into a hydroxyl ion and a hydrogen ion or proton. The proton then attaches 
to another water molecule and the hydronium ion is formed (Fig. 4-15). The hydroxy! ion remains 
with the hydronium ion so that the total charge for these two ions is zero. 


H 
7 2 6 H oO 
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Fig. 4-/5 The Hydronimum lon: The hydronium ion forms from one water molecule and 
one proton (ionized hydrogen atom). 


Fig. 4-15. The Hydronium lon 
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The hydronium ion is written: H,0*. 
The formation of one hydronium ion and one hydroxyl ion from two water molecules is written: 
2H20 = H30 + OH -. 


Hydronium ions continue to form as the O-O distance moves below 2.7A to 2.5A, and as the 
bending angle moves from 40° to 0°. Below 2.5A and 0°, the water molecules change their vibra- 
tional patterns as their bending angles become negative, in effect moving in the opposite direction 
(see Fig. 4-12). In terms of the structure of the group of water molecules, this means that the 
hexagonal layers, which up until now had been compression, are now moving away from one an- 
other. However, the hexagonal rings continue to compress, so a change in the normal pattern has 
taken place. Above 2.5A, the microstates are compressing in two directions, but below this dis- 
tance, one direction (that of the diameter of the rings) continues to compress, while the other di- 
rection (that of the length of the ring structure) reverses itself and starts to expand. This expan- 
sion probably is the same expansion that water undergoes as it freezes into ice, or that any liquid 
crystal undergoes as it forms into larger structures. This process also occurs during the process 
of crystal growth, as solid crystals expand or grow in the direction of their successive or layered 
ring structures. 


As the O-O distance continues to decrease, larger hydronium ion groups begin to form. Ata 
distance of 2.44, the HsQ02* ion forms. This is a combination of one hydronium ion and one water 
molecule. At these smail distances, the normal ionic hydrogen bonds are approaching the same 
bonding strength as the covalent bonds of the single water molecule. If the O-O distances contin- 
ued to decrease, then it is reasonable to assume that even larger groups of water molecules and 
hydronium ions would form at the same high ionic bonding levels. These molecular groups would 


have the formula: 30%, Hs02*, . . ..H(2n+1)On* This could describe the formation of layered rings 
of water molecules. These layered rings could be of any length, as determined by their number 
(n) in the above equation. 


Water Polymers 


Additional verification for the formation of water molecule and hydronium ion chains comes 
from an examination of the mathematical models that are used to predict the amount of energy 
that can go into the formation of “water polymers”. Water polymers are groups of adjacent water 
molecules that have bonded together into definite alignments or patterns. Some of the angular 
alignments for the water molecules have been discussed in a previous section. Any three con- 
secutive molecules in a hexagonal ring (see Fig. 4-118) will have an angle of 109.5° between 
them. In terms of water polymer calculations, this arrangement is known as a “water trimer”, the 
term “trimer” referring to a group of three molecules. 


There are five different water polymers - dimers, trimers, tetramers, pentamers, and 
hexamers - and each one corresponds to successive groups of two, three, four, five, and six 
water molecules that have bonded together. In addition to the five different types of polymers. 
there are two orders of polymers, the “open” and the “cyclic.” The open polymer is a group of 
molecules that is not strongly bonded to the next adjacent group of molecules, having a loose or 
open structure. A cyclic polymer is a group that bonds much more strongly to identical adjacent 
groups. The cyclic structure repeats itself and the open does not. 


The conclusions that water researchers have drawn from the two mathematical models, known 
as “CNDO/2” and “Ab initio,” are not definite. This is because the water chains are in constant 
motion, and it is currently impossible to take an accurate picture of these chains or groups of 
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molecules that would experimentally verify their structure in terms of the predictions of the mathe- 
matical models. Instead, the calculations are used to predict the time duration and stability of the 
individual group structures or polymers. 


The chart in Fig. 4-14C lists the calculated O-O distances (R) and bonding energy of the dif- 
ferent water polymers. Where a calculation was not performed, it is indicated with four dots (....). 
The previous chart in Fig. 4-14A lists the CNDO/2 calculations for the water dimer (two water mole- 
cules) only. All of the polymers have symmetric vibrations except those that are indicated as hav- 
ing asymmetric anes (Asym.). The symmetric and asymmetric vibrational modes for the water 
molecule will be discussed in greater detail in the following section. The chart shows that the for- 
mation or larger water structures (pentamers and hexamers) occurs when greater amounts of en- 
ergy are stored in the hydrogen bonds, and that this also corresponds to decreasing O-O dis- 
tances. 


The calculations predict that the cyclic polymers are more stable than the open polymers. 

* This supports the theory of the lyotropic mesophase for water, that is, that water naturally wants to 
form into chained structures that are cyclic in nature. However, another prediction from the calcu- 
lations is that the asymmetric vibration tends to be more stable than the symmetric, and this is in 
contradiction to the ideas that will be put forth regarding the nature of structured water, which 
states that it is produced by the symmetric vibrational mode. While it is true that the asymmetric 
mode is more stable than the symmetric, it is the instability of the latter that allows water mole- 
cules to be in continual states of transition between the crystalline mesophase and the non-crystal- 
line phase. 


The mathematical models also predict that the Cyclic Trimers will create an environment that 
is favorable to the bonding of successive hydroxyl ions onto the trimer’s structure. . 


Water Polymer CNDO/2 


Open Trimer 

Cyclic Trimer (Asym.) 
Cyclic Trimer 

Open Tetramer 


Cyclic Tetramer 


Open Pentamer 


Cyclic Pentamer 
Cyclic Pentamer (Asym.) 


Cyclic Hexamer 


Fig. 4-14C. 
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Vibrational Modes 


An increase in bonding energy is only one of the physical changes that occur as water mole- 
cules are structured into chains or microstates. A decrease in the minimum O-O distance is an- 
other, and changes in the bond bending angle yet another. But the most important change that 
water undergoes as it structures is one that involves its “vibrational modes,” that is, the coordi- 
nated patterns of direction and motion that the atomic nuclei have as they vibrate back and forth. 


All atoms are in a constant state of vibrational motion unless they have temperatures close to 
absolute zero (-273.16°C; -459.69°F). These vibrational motions have regular, repeatable patterns 
to them and can be said to be a “mode of vibration.” At the critical minimum distance of 2.4A, 
where chains of water molecules and hydronium atoms form (as has been described above), there 
is a change in the vibrational mode for many of the water molecules that have this O-O distance. 


The three most important modes for the water molecules are shown in Figs. 4-16A, 16B, and 
16C. Fig. 4-16A shows the symmetric vibrational mode, Fig. 4-16B the asymmetric mode, and 
Fig. 4-16C the deformation mode for the water molecule. The single, larger circle is the nucleus 
of the oxygen atom, and the two smaller circles are the nuclei of the hydrogen atoms. The arrows 
show the simultaneous directions that these nuclei are moving toward during one particular phase 
of the vibrational mode, these arrows would reverse their directions during the next phase of the 
vibrational mode. The length of the arrows is meant to correspond to the total movement or dis- 
placement that the nuclei undergo. The oxygen nucleus, being much heavier than the hydrogen 
nucleus, Moves through a much smaller distance as it vibrates. 


The vibrational motions of the water molecule occur at regular rates or frequencies. These 
frequencies are well known and have been the subject of much discussion and analysis in the ex- 
isting literature on water and ice. In a later section, we shall discuss the frequencies that we have 
dealt with in our work at PRI. 


Fig. 4-16. The Symmetric (A), Asymmetric (B), and Deformation (C) Vibrations for the Water 
Molecule. 


When the O-O distance for adjacent water molecules goes below 2.5A, there is a reversal in 
the vibrational mode from asymmetric to symmetric (from Fig. 4-16B to 4-16A). For distances 
that are greater than 2.5A, all of the hydrogen bonds have asymmetric vibrations, but for those 
that are less than this distance, a certain percentage of the vibrations become symmetric. The 
change from asymmetric to symmetric coincides with the formation of the hydronium ion chains 
that are characteristic of structured water. It is likely that the structured water mesophase has a 
different vibrational mode than the unstructured, amorphous state of water. If it does, then this 


4-34 


Water 


probably accounts for its structural integrity and its general separation from amorphous, unstruc- 
tured water. 


A more careful examination of the differences between the symmetric and asymmetric modes 
gives us further insight as to the differences between structured and unstructured water. The sym- 
metric vibration in Fig. 4-16A shows us that the motions of the two hydrogen atoms occur synchro- 
nously, that is, they move away from the oxygen atom, and then move back toward it in sync (at 
the same time). If each water molecule can be thought of as a small radio transmitter, then this 
synchronous movement will produce a series of waves or vibrations that will reinforce one another. 
The energies of each of the hydrogen atoms will be added together to produce twice the original 
energy. In the case of the asymmetric vibration, however, the vibrational modes are out-of-sync 
with one another and the energies that are coming out of these atoms will tend to cancel one an- 
other. The symmetric vibration produces in-phase energy and the asymmetric vibration produces 
out-of-phase energy. 


lf asymmetric vibrations were occurring simultaneously in adjacent water molecules, as is the 
case for unstructured water, then the internal energy would move around the hexagonal ring struc- 
tures and between the layers of rings as well. This would have the effect of broadcasting the en- 
ergy throughout the entire group of contiguous water molecules and would tend to put all of the 
molecules at the same energy and bonding levels. This could only reduce all of the molecules to 
the same amorphous, unstructured condition. Conversely, the symmetric vibration would tend to 
concentrate internal energy within individual hydrogen bonds where they would build up to high lev- 
els. This is consistent with the description of structured water bonding, where individual bonds 
have had their energies increased. 


The symmetric vibration would tend to produce increased hydrogen bonding between mole- 
cules, but the organization of these molecules into precise structures would not necessarily result 
from the imposition of the symmetric vibrational mode. We must look to another mechanism if we 
are to provide a basis for the structural integrity of the water mesophase. 


Proton Translocation 


Implicit in the formation of the hydronium water chains is the phenomenon of proton migration 
or proton translocation. This is shown in Fig. 4-17. Proton translocation is known to occur for 
large organic molecules. What occurs is that extra protons, usually from ionized water molecules, 
jump back onto the water molecules and migrate or move throughout their structures. As they do 
this, they help bond these molecules together. Proton translocation is a means of holding large 
molecules together, and it could also be a way of holding chains of water molecules together. In 
chains of water molecules, the protons would be provided by the hydronium ions extra hydrogen 
atom. 


The extra protons that produce hydronium ions move from one water molecule in the chain to 
the next molecule in the chain, weaving an invisible thread of energy around and throughout their 
structures. 


Translocating protons tend to move through the voids that exist in the structured water chains. 
Fig. 4-11C shows where these voids occur in the structure of water. The mineral impurities that 
are usually found in water accumulate in these voids or holes, and the translocating protons that 
are found there can help these minerals bond into the water chains by loosely associating with 
them and forming a long string of protons and ionized minerals. This may in part account for the 
long bond formation times of the mineral salts that are found in water. 
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A common salt such as sodium chloride ionizes into one sodium ion and one chlorine ion 
when it is dissolved in water. These ions occupy the structured water voids that are produced by 
the hexagonal ring rotations that were shown in Fig. 4-11C. For every hydrogen ion (proton) that 
moves throughout a water chain, there is one hydroxyl ion that attaches itself to the outside of the 
chain. 


Both of these ions are produced by the ionization of one water molecule (see Fig. 4-10C). 
The total number of positive hydrogen ions (protons) and negative hydroxy! ions must be equal in 
a group of water molecules if their net electrical charge is to remain at zero. Otherwise, the mo- © 
lecular group takes on a charge. This is something that may occur in water that has been highly 
structured, as the high degree of ionization of this type of water would allow for this possibility 
because at any moment in time there could be a charge imbalance that was produced by an ex- 
cess of either positive or negative ions. 


ph 


Water chain 
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Fig. 4-17. Proton Translocation: The Proton Moves throughout a Chain of Water Molecules and 
Hydroxyl lons. 


Although it is generally acknowledged that proton migration or translation could exist for water 
molecules, little else is known about this phenomenon with respect to its influence on the bond 
formation times and patterns for the water molecule. The energy that is involved in the proton 
movements is so small that it has not yet been isolated or identified with respect to the overall fre- 
quency patterns or spectra of the water molecule. 


The movement of protons throughout the water structure has been described in terms of the 
action time, that is, the time that it takes for protons to act or move throughout one water chain 
or contigous structure. This is the same as saying that the protons have rates or frequencies to 
their movements. Most researchers thinks that the action time for the translocating protons is 
fairly long. In other words, they have low frequency motions within the water structure or 
mesophase. 
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We have been able to confirm, in our experimental work, that low frequency fields will en- 
hance the structuring of water. When Xenon strobe light is pulsed at low frequencies, or when low 
frequency drum music is played over speakers as the water is circulated around the quartz crystal, 
there is increased structuring in the water. 


Quartz and Water 


One of the changes that occurs as water is structured is that of a lowering of temperature for 
the new microstate. Another and possibly more important changes involves the actual interlattice 
structure of water molecules. Some of these changes were discussed in a previous section and 
were illustrated in Figs. 4-11B and 4-11C. The rotation of one puckered ring onto another, as 
_ shown in Fig. 4-11B, will produce a crystalline system which is organized into layers. Each layer is 
"a two-dimensional plane that is only loosely bonded with the planes that are above and below it. 
This type of organization can be seen in the solid crystalline form of sugar quartz which has a lay- 
ered structure similar to a sandwich. When these same rings are translated or moved through a 
distance, as in shown in Fig. 4-11C, then a three dimensional organization is produced. For both 
water and quartz, this organization produces a septahedron (a six-sided pyramid). In this case, 
the successive layers are strongly bonded to one another. This type of organization can be seen 


in the quartz crystal, which comes to a definite point of termination, something that does not occur. 


for the layered sugar quartz. This type of organization is produced by the interlattice angle that 
forms between the layered rings. This angle is formed by the transfer, through resonance, of a 
portion of the bonding energy of the entire mass of molecules. This transfer is related to the vari- 
ous bonding angles of the water molecule through a system of harmonics that are almost exact 
multiples or fractions of the interlattice angle. 


The bond bending angie for two water molecules tends to stabilize at 26°, while the permanent 
angle between the two hydrogen atoms of one water molecule is 104.5°. The interlattice angle 
between successive layers or quartz is 52°, and if this angle aiso exists for water molecules, then 
it is an harmonic of the bending angie, which is equal to half of its value, and an harmonic of the 
hydrogen interatomic angle, which is equal to twice its value. 


The interlattice resonance between the quartz microstate and the lyotropic mesophase is the 
determining factor in the formation of the latter, and is the reason that water can be structured by 
spinning it around a quartz crystal. This resonance transfer occurs without introducing large 
amounts of energy into the structuring system. 


The similarities between the interiattice structure of the quartz crystal and the internal structure 
of water provides us with an example of the compatibility that exists between the inorganic system 
of the crystal and a substance(water) that is active in organic systems. It is at least indirect evi- 
dence that crystals can influence organic molecules through energy exchanges that are in reso- 
nance with both systems. Energy can be transferred when two vibrating systems or structures are 
in resonance. An example of this is the mutual resonance that exists between two violins. When 
one violin is played, the other will pick up the sound and will actually resonate with it even though 
it is not being bowed or played directly. When the crystal is resonated, the frequencies and ener- 
gies of this resonance can be transferred to the water molecule, which is in resonance with the 
quartz crystal because they have similar internal alignments. 


The phenomenon of resonance transfer occurs because the energy waveforms, that is, the 
waves that are coming out of the vibrating substances(the water and the quartz) have 
(nearly)identical phase relationships. The phase relationships of a resonating system can be de- 
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fined in terms of the angular separations that exist between adjacent molecules. If, for instance, 
the six water molecules that form one hexagonal ring structure are in mutual resonance, then they 
will viprate in sequence around the circle that the ring structure defines. The first molecule in the 
ring will vibrate or broadcast its energy on a wave that has a particular frequency, then the second 
molecule will begin to broadcast or transmit its wave at the same frequency after a precise interval 
of time has elapsed, and then the third molecule will begin to vibrate and so on around the cir- 
cumference of the ring. The time intervals between successive broadcasts(the beginning of the 
wave for each molecule) results in a phase delay between successive waves. The time delay be- 
tween waves becomes a phase delay which can then be converted into a phase angle. Succes- 
sive waves come out of oscillating systems(such as the ring structure of six water molecules) with 
phase angles that are equal to the angular separation that exists between. the members of the sys- 
tem(the ring structure). Fig. 4-18 shows the phase angie or time delay that exists for three suc- 
cessive sine waves. This would be the pattern that would exist for three of the water molecules in 
the hexagonal ring structure. In the case of the vibrating ring of water molecules, the phase angle 
for this system would be 60° because there are six molecules within the ring structure, and the 
360° circle that the ring makes must be divided by six to obtain the phase angle. If there were 
seven molecules in the ring, then the phase angle would be 360° divided by seven, or 51.439. 

This is the principle phase angle for the quartz crystal and the water molecule, because most of 
the internal angies of these substances are either fractions of this angle or multiples of it. 
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Fig. 4-18. Three Successive Sine Waves Have a 60° Phase Angle Between Them 
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Fig. 4-19 A, B, C. Water Transitions from 100° C to -40° C 
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Formation of the Microstate 


The following is the description of a proposed model for the structuring of water in terms of 
most of the physical changes that were described in this section. The chart in Fig. 4-19D de- 
scribes the difference between water that is being cooled to a temperature of 4°C (Fig. 4-19A), 
water that is unstructured and is forming into ice (Fig. 4-198), and water that is structuring into the 
liquid crystal form (Fig. 4-19C). 


[_riswe_| state | temperture | 10-0) | Anat 


100° C to 4°C 3A to 2.7A 60° to 89 ~| Asymmetric 


ice 4°C to 0°C 2.5min & 2.7max | 8° to 0° Asymmetric 
to 2.72A 
Mesophase| 4°C to -40°C | 2.5A to 2:35°7 0° to 9° 2? | Symmetric 


Fig. 4-19. 


The hydrogen bond bending angle(B) determines the distance between successive layered 
rings. This angle causes an additional crumple or pucker in the ring structure, and the greater the 
angle, the greater the distance between layers of the puckered hexagonal rings. As the tempera- 
ture of wter decreases, this angle also decreases and the rings move closer .together (see Fig. 
4-19A and 4-198). One of the distinguishing features of structured water is that there is a reversal 
in this pattern and the successive layers move away from one another (see Fig. 4-19C).. The ex- 
act magnitude that the new bending angle has is not known, but it is probably less than 10°. It 
has been shown as 9° in Fig. 4-19, with its uncertainty indicated by a question mark. 


The O-O distance(R) determines the size(area) of the hexagonal rings. This distance de- 
creases with temperature down to 4°C, but reverses at this temperature and increases (see Fig. 
4-19B). This reversal occurs as water freezes into ice and expands in the same plane that the 
ring structures are in. This means that when a body of water freezes, it will expand horizontally 
and push outward. This action can be seen when a dish of water freezes and the ice “ heaves” or 
pushes against the sides of the container. Structured water rings do not expand as their tempera- 
ture falls from 4°C to 0°C, but continue to contract toward smaller O-O distances. The minimum 
O-O distance that occurs for adjacent structured water molecules is not known, bit it is at least as 
small as 2.35A. This is the value that is listed in Fig. 4-19, but its uncertainty is indicated by the 
question mark. There is a direct relationship between this distance and the number of water mole- 
cules that can form into the hydronium chains. Longer chains are produced as the molecules 
move closer together and their O-O distances continue to decrease. 


Structured water has a lower temperature than the surrounding water. This condition contin- 
ues to hold as it has its temperature lowered to the normal freezing point of water, 0°C. The 
water microstates maintain their structural integrity at this temperature and do not freeze until a 
much lower temperature has been reached. This temperature varies from -10°C to -40°C, depend- 
ing upon the degree of structuring and by the total energy that is stored in the water chains. The 
reasons for this are complex, and would require a careful examination of the spectral frequency 
patterns that are characteristic of structured water versus those that are characteristic of bulk 
water. This is something that we have partially undertaken in our work at PRI, but a great deal re- 
mains to be done. 
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Before proceeding with a more detailed nature of the reasons for the unique physical charac- 
teristics of structures water, it is necessary that the electromagnetic emission spectrum be de- 
scribed. All substances absorb electromagnetic energy such as heat, light, microwaves, X-rays, 
and radio waves, at specific frequencies and only at these frequencies. The frequency patterns 
are called spectra and amount to a unique signature for each atom and molecule. When these 
frequencies occur in groups they are referred to as bands. Because every substance has its own 
set of frequencies, a close examination of these frequencies can accurately predict what sub- 
stances are present in any particular sample of a material. This is done when a sample of ore, for 
instance, is assayed for its specific mineral content. The frequencies of energy that exist for a 
particular mineral will show up on an instrument that is called a “spectrophotometer”, which is 
used to measure the amount of energy that substances absorb and emit at specific frequencies or 
wavelengths. The presence of frequencies that are particular to a specific atom or molecule will 
tell us that this atom or molecule is present in the sample of the material that is being measured. 


Bulk water has more of its energy concentrated in the infrared (heat) portion of the spectrum 
than does structured water, but the latter develops additional spectral bands in frequency ranges 
that are both lower and higher than the infrared. The symmetric vibrations of the structured water 
chains allow their internai energy to oscillate over wider frequency bands than do the asymmetric 
vibrations of bulk (unstructured) water. The inphase vibrational mode for structured water broad- 
casts this energy throughout an of the structured water molecules, so structured water has several 
frequency bands in the microwave and radio wave range that unstructured water does not have. 
These much lower frequencies are probably related to the long action times that the translocating 
protons have within the water microstates. These frequencies are not sensitive to changes in tem- 
perature, that is, they do not absorb or emit infrared (heat) frequencies of energy, so when the 
temperature of the microstates is lowered, these extra vibrations are not affected. They continue 
to vibrate throughout the microstates, and their effect is to keep the microstates moving so that 
they will not freeze at 0°C. 


Some of the internal energy in structured water is translated into lower frequency patterns, but 
some is also converted into a high frequency emission in the visible range of electromagnetic en- 
ergy. This emission occurs at about 5000A of wavelength, which is blue-green light. This light 
emission is characteristic of structured water. It can be seen coming out of very cold, clear 
mountain lakes that have highly structured water, while lakes that have blackish, impure water do 
not emit this frequency of energy. 


The emission of visible light is a characteristic feature of liquid crystal formation. At the in- 
Stant that a liquid crystal forms, it emits visible light. The phase transition of liquid crystals can be 
observed and measured by the emission of this light, which occurs at specific frequencies. That 
fact that these crystals emit light at specific frequencies or colors means that they could be used 
to make a liquid crystal color television, with different crystals producing the different colors. This 
technology is currently being developed. The fact that very pure and highly structured water emits 
a specific frequency of fight is further evidence that water has a liquid crystal state. 


Subtle Energy and Structuring 


The amount of energy that can be stored into the hydrogen bonds of the water molecule is 
one of the determining factor in its structuring. The normal hydrogen bond for the water molecule 
contains 4.5 kcal/mole, but the chart in Fig. 4-6A makes it clear that much larger amounts of en- 
ergy can be stored into the water bonds. These larger amounts of energy correspond, or are re- 
lated to, smaller O-O distances and smaller bending angles. If enough energy can be put into 
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water molecules so that they form into chains of hydronium ions, then the water has become 
structured. The degree of structuring is determined by the length of these hydronium chains, and 
by the cooperative bonding that exists between the chains. More energy means greater structur- 
ing. 


lf water can be structured by energy, then the lyotropic mesophase should be easily attain- 
able, aS energy can be easily added to water. But we have found in our work at PRI that this is 
not the case, as it is not a question of how much energy must be added water to get it to struc- 
ture, but what is the manner in which this energy is added. If it were only a matter of adding en- 
" ergy to water, then it should structure when it boiled, however, we have boiled water and found 
that this actually unstructures it by breaking down and reforming the existing hydrogen bonds. We 
have discovered that in most cases, boiled water will structure more readily than unboiled water, 
but the act of adding energy through boiling does not structure water. 


What we have discovered about the process of structuring water is that the energy must be 
added slowly and gradually. The pulsed strobe light and drum music that is in sync with the proton 
movements is an example of an effective way of structuring water. By moving the proton along 
gently, we use it as a carrier of the energy that we are trying to put into the intermolecular bond- 
ing structure. This does not mean that the rate and degree of structuring cannot be increased, 
only that this increased energy must be added to the water in a manner that is in sync with the 
natural movement or action times of the protons that are in the water. 


The structuring of water is influenced by very subtle effects and by small amounts of energy. 
One of these subtle effects is that of the mind and emotions of any person that happens to be 
close to the structuring equipment at the time that it is being used to structure the water. We 
have noticed in our work at PRI, that the water samples that we are working with will not structure 
if the person that is performing the experiment is in a negative state of mind or else is upset emo- 
tionally or is suffering from disease or injury. In the case of disease or injury, it can be assumed 
that these conditions will produce negative emotional and mental states in the individual who is 
either operating the structuring device or is in proximity to it. This observation has not been ex- 
perimentally verified, as it is difficult to objectively determine when a person is in one of these 
“negative states of mind or emotion”, but we believe that we have enough evidence to at least 
put forward this idea as a possibility. 


‘ 


lf the mind and emotions of people are able to interact with the structuring process, then this 
must occur in some manner that is physical, definable, and provable. It must come under the 
realm of natural, although unknown, physical law. It is not the purpose of this paper to prove what 
this physical causation is, only to state an idea or a theory as to what it could be. 


It is our belief that the link between the mind and matter lies in the ability of the mind to influ- 
ence and even control the electron spin alignments that ultimately determine the degree of crystal- 
lization of any substance. In the beginning of this paper, the position of the electron in the atom 
was described, but nothing was said about the exact alignment that this particle takes as it orbits 
around the atomic nucleus. If these alignments are random, then the atom or molecule will be in 
an amorphous, non-crystalline state, but if they are aligned in regular patterns, then those same 
atoms and molecules will be transformed into their crystalline state. The regular alignment of elec- 
trons would produce an intermolecular bonding pattern that also would be regular and repetitive, 
and adjacent molecules and atoms would bond together more strongly. Modern physics only uses 
electron spin values or numbers to account for “unexplained irregularities” in the electromagnetic 
spectrums of the atoms. These irregularities occur in all atoms. But electron spin values cannot 
account for all of these irregularities, so it appears that this an example of an “ad hoc” theory, 
that is, one that is made up to nearly fit the facts of the situation, but fails to do so completely or 
satisfactorily. 
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The irregularities that the electron spin values are used to explain are very small differences in 
energy and frequency that exist for specific bands or groups of frequencies that can be found in 
the electromagnetic spectrums of virtually all atoms. These frequency bands consist of either two 
or three very distinct frequencies that are very close to one another. The difference between 
these frequencies is usually quite small. When two of these frequencies occur together, the band 
is called a spectral “doublet,” and when three of then occur together, they are referred to as a 
“triplet.” 


The different electron spin values are currently used to account for the existence of these 
spectral doubles and triplets, but a more viable theory would be to account for them by stating 
that they are produced by much lower frequency waves which are the rate of spin for the elec- 
trons. The frequency of an electron spin wave would be equal to the heterodyned frequency that 
existed between the original spectral doublets or triplets. A heterodyne is the difference in fre- 
quency that exists between any two frequencies. For instance, the heterodyne that is produced by 
a wave with a frequency of 5125cps (cycles per second) and another wave with a frequency of 
5135cps is equal to 10 cycles,i.e., 5135-5125=10. Heterdyned frequencies are sometimes called 
“beat” frequencies because they are the low frequency beats that are produced when two fre- 
quencies oscillate at the same time. 


The frequencies that make up the electromagnetic spectrum for an atom are produced as the 
atoms move between electron shells (see Fig. 4-10A). Whenever an electron jumps to another 
shell it emits a small amount of energy that is called a “quanta”. A quanta of energy shows up in 
the spectrum of the atom as a dark, straight fine. This dark line indicates one of the many fre- 
quencies that this particular atom is sensitive to and will absorb. Often these absorption frequen- 
cies will occur in groups of two(doublets) or three(triplets) that have their frequencies very close 
to one another. When these close frequencies are combined or heterodyned, they produce an- 
other frequency which could be the frequency of the electron as it spins. 


One thing that is known about electron spins is that they are sensitive to very small amounts 
of energy. This is because they have much lower frequencies than the quanta that are produced 
by the electron jumps, and lower frequencies correspond to lower amounts of energy. But in addi- 
tion, electron spins have alignments or specific locations and directions in the space that com- 
prises the atom. This feature is also found in the lattice work of crystals, liquid or solid, and it is 
likely that it is the determining factor in the successful alignment of electron spins. A crystal is 
able to influence and align these electron spins because they both have this important physical 
feature in common. An extension of this idea would be that the organic liquid crystals that make 
up the human body are also able to influence electron spin alignments, and this is the reason that 
the electronic actions of the body, as seen in the changes that the body’s liquid crystal system 
undergoes, are able to influence the crystallization(the structuring) of water. 


Summary 


The process by which water forms into a lyotropic mesophase will someday be recognized as 
one of the most important change-of-states that this common substance undergoes. This new 
state for water is a true liquid crystal state which may be described in the following manner: 


1) An increase in the ionic hydrogen banding that exists between adjacent water molecules oc- 
curs, this increase being the result of increased absorption of ultraviolet energy. 


2) There is an increase in the number of ionized water molecules. This is either caused by 
photoionization (the absorption of ultraviolet energy), or by electroionization (the effects of 
static electric fields). 
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There is a reorganization of the hydroxyl and hydrogen ions (which result from the ionization 
of water)into chains of hydronium ions. The hydrogen ion (proton) is added to a water mole- 
cule to form a hydronium ion, and hydronium ion chains are held together by these protons. 
Two hydroxyl ions form one hydrogen peroxide atom, and its extra oxygen atom makes struc- 
tured water oxygenrich. (Hydrogen peroxide has two oxygen atoms while water has one). 
These hydroxy! ions bond strongly onto the water chains, so their oxygen atoms will remain in 
the water for a much longer period of time than will the oxygen that is found in the air bub- 
bles that are found in water. 


The water chains have longer bond formation times than ordinary water, and this is related to 
the long action times of the translocating protons which make-up the hydronium ions. 


The adjacent molecules in the mesophase have smaller intermolecular (O-O) distances than 
those that are not in this phase. The chains are contracting in the planes that the hexagonal 
rings are within, and storing energy as well. This increased energy produces increased hy- 
drogen bonding. 


The adjacent molecules are expanding in the direction of the successive hexagonal rings (at 
90° to the plane of the rings). 


These two actions(5 and 6), indicate that structured water molecules have reversed the direc- 
tion that normal(unstructured) molecules take as their temperatures are lowered toward the 
freezing point. 


Simultaneous to these actions, a reversal in the vibrational mode fore asymmetric to sym- 
metric occurs within the mesophase. 


The formation of water polymers also describes the formation of structured water. These 
polymers have increased hydrogen bond energies. 


The reversed modes and directions (8) produce, or correspond to, a reversal in the normal 
process of freezing for the water mesophase, as it has a lower temperature than the sur- 
rounding water. At the normal freezing point for water, the mesophase continues to have a 
lower temperature and does not freeze. It will undergo a final phase transition to the solid 
(frozen) state, but only at temperatures that are well below 0°C. 


The low frequency vibrations of the translocating, hydronium protons keep the structured 
water chains in a continual state of vibratory motion that prevents them from becoming solid 
at 0°C. 


So far in this paper, we have taken the information, facts, and theories from the existing |it- 


erature on the general subject of water that tend to support our theory of the formation of the 
lyotropic mesophase, the liquid crystal state for water. The possibility of this state occurring is 
only discussed in a small portion of this literature, principally in the papers of the Russian scien- 
tists, but in the works of Davis and Litovitz of the United States Naval Laboratory as weil. But all of 
these descriptions, if taken together, do not adequately describe the formation of structured water. 
it is necessary to propose a theory that will more comprehensively describe the lyotropic 
mesophase. 
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Septimer Bonding 


In this lengthy discussion about water, it has become apparent that the existing theories that 
describe the formation of water-molecule groups, such as the water polymers or hydronium ion 
chains, come closest to describing the formation of the liquid crystal state for water. But these , 
theories, which are supported by complex mathematical models, are not integrated with the theo- 
ries that describe the formation of liquid crystal states. The mathematical calculations are carried 
out, and predictions about groups of molecules are made, without taking into consideration the 
important fact that the liquid crystal state for water is characterized by an abrupt change-of-state. 
This change-of-state is the mesophase transition where sudden physical changes occur, and these 
changes cannot be adequately described by existing mathematical approaches, which are based 
mainly upon the energy changes that are predicted by the existing Laws of Thermodynamics. 


The Laws of Thermodynamics are used to describe the energy changes that occur as mole- 
cules and atoms move between their vapor and liquid states, or between their liquid and solid 
states. They fail to take into consideration the fact that all liquid crystal(mesophase) transitions 
are incomplete, that is, they do not leave the substance in an entiraly liquid state, nor in an en- 
tirely solid state, but instead produce a midphase which has the physical characteristics of a liquid 
and a solid. 


One of the most important characteristics of liquid crystal formation is that of luminescence. 
When liquid crystals form, they emit specific frequencies of electromagnetic energy that are in the 
visible range of light. This occurs at the instant of phase transition into the liquid crystal state. 
The liquid crystal will remain in the mesophase for a period of time, then it will undergo its transi- 
tion back into its amorphous state. These transitions occur at definite rates or frequencies. The 
transition times are related to the bond formation times that exist for the entire liquid crystal solu- 
tion. 


Liquid crystals are organic molecules that are similar in structure to the organic molecules that 
can be found in the chart in Fig. 4-9. When these molecules are mixed with water, the bond for- 
mation time of the water becomes much longer than it would be if it did not have the organic 
molecules in it. The bond formation time will also become much longer if other substances are 
added to the water. These times or rates are related to the movement of protons throughout the 
liquid crystal structures, and so we have some indication that low frequency vibrations are impor- 
tant in the formation of liquid crystal systems. This idea gains further credence when one consid- 
ers that the earth naturally produces ELF (extremely low frequency) waves and that many types of 
crystals, both liquid and solid, grow while they are under the influence of these low frequency 
waves. 


Low frequency wave energies are important in the formation of the liquid crystalline state, but 
so are high frequency energies, as the increased hydrogen bonding of these states is produced by 
the increased absorption of high frequency, ultraviolet energy. What appears to be happening 
when a liquid crystal forms is that there is an increase in the absorption of both high and low fre- 
quency energies. The crystalline system absorbs energy over a wider band of frequencies than 
the non-crystalline system, and this energy is transformed into a bonding force which holds the 
crystal together. Simultaneous to the production of the bonding force, an emission of energy in 
the visible portion of the spectrum occurs. This is the luminescence that characterizes liquid crys- 
tal formation. The liquid crystal seems to have the ability, or perhaps this ability is inherent to its 
nature, of reorganizing energy into different frequencies. This is similar to the electronic circuit 
that can be found in any radio receiver or transmitter, where frequencies are received, modulated 
into different frequencies, and then amplified so that they can be heard by the listener. Liquid 
crystals, including the lyotropic mesophase for water, modulate the low frequency vibrations of the 
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proton translocations into visible light, and have this signal amplified by the high frequency energy 
of the ultraviolet. This too is similar to an electronic amplifier, where low frequency voices (audi- 
ble waves) are modulated into high frequency radio waves. in this process, low energy electrons 
are used as the energy source instead of ultraviolet light. 


The fact that liquid crystals (and solid ones as well) are shaped like small electronic coils, 
often consisting of strands of molecules that are wound into helical shapes, further adds to the 
impression that they are some type of miniature electronic system. The coils (liquid crystals) are 
constantly expanding and contracting, and as they do so, they are producing modulated electronic 
signals. 


Modulated frequencies are ones that have been either increased or decreased according to a 
mathematical system of even multiples. This is also referred to as a system of harmonics, where 
higher frequencies are multiples of lower frequencies, and lower frequencies are divisors of higher 
ones. An example of a harmonic numerical series would be: n = 1,2,4,8,16,32,64,... This series 
defines the octave harmonies that the fundamental that is given by “n = 1” has. The octave sub- 
harmonics can be found by changing these values into their reciprocals, i.e., n= 1, 1/2, 1/4, 1/8, 
1116), sac 


Harmonic series such as these can be used when analyzing the spectra of many types of sub- 
stances, including water. Most of the important frequencies that occur in the absorption spectrum 
of water are related to one another through a system of harmonic values. A close examination of 
these values is beyond the scope of this paper, but the concept of harmonic multiplies is useful in 
describing the formation of the liquid crystal state. 


One example of a harmonic system that occurs in the formation of the lyotropic mesophase is 
that of the water polymers that have already been discussed. Each successive polymer has bond- 
ing energies that are even multiples of the previous polymer. The water dimer is the first multiple 
(harmonic) of the single water molecule. The trimer is not an octave harmonic, but is still a har- 
monic of the single water molecule, while the tetramer is the first multiple of the dimer or the sec- 
ond multiple of the single. 


The current system of water polymers stops at the hexamer, which is one hexagonal ring of 
six water molecules. If you stood at the center of the hexamer and looked outward, you would 
see six evenly spaced water molecules, each one 60° apart. As has been previously discussed, 
this can be seen in the formation of the snowflake. This 60° angle is related to the maximum 
bending angie, which is also 60°. The most common bending angles are 26° and 52-54°. This 
latter angle can be obtained by dividing the circle of 360° into seven portions (this value is actually 

- §1.43°). The reoccurrence of this angle throughout the bonding symmetry of the water molecule 
may yield a clue as to the manner in which structured water forms. 


As energy is stored in the hexagonal rings (see Fig. 4-11B), the molecules that comprise the 
rings are drawn closer together. Successive layers of rings also move closer to one another. 
These combined actions increase the amount of stress that is placed upon the hexagonal ring 
structures, and at a critical moment this stress breaks the ring apart into a septimer(seven mem- 
bered ring). But this septimer never actually forms, instead its bonding energy is held by a series 
of vibrations that have phase relationships that are multiples of 26° - 26,52,104... This accounts 
for the importance of these angles in the symmetry of water.molecules. When the septimer 
forms, it does so at an angle of 52° to the plane of the original hexagonal ring. This produces the 
interlattice angie that was shown in Fig. 4-11C. Also, the hexagonal rings that constitute water and 
quartz translate or move so that they are off-center and over one another and the true crystalline 
state has been produced. 


As the crystalline state comes into being, a luminescence occurs as the crystal’s internal en- 
ergy is modulated into a discreet frequency of light anergy and transmitted away from the crystal- 


4-45 


am? 


Water 


line system. In the case of the formation of the lyotropic mesophase, a change in vibrational 
mode occurs as well, as the asymmetric vibrations of unstructured water are suddenly converted 
into the symmetric vibrational patterns of structured water. It is this change from asymmetric to 
symmetric that allows the water molecules to alter their overall vibrational patterns or spectra, as 
the symmetric vibration keeps the water molecule’s energy contained within its own interior where 
it can be modulated upward or added to itself in a harmonic pattern. At some critical energy den- 
sity, this energy breaks the ring structure down and the septimer polymer of structured water 
molecules is formed. 


The Work at PRI 


The experimental work on the structuring of water with a quartz crystal encompasses a time 
period of three and one-half years. The experimental work was conducted by Hank Glover, who 
worked for one year, and Norman Mikesell, who was the principle investigator, working on the 
water experiments for almost three years. 


The PRI water experiments consisted of hand-pouring a variety of water through wooden boxes 
that held Pyrex glass coils that had been specially fitted around the cut quartz crystals. Most of 
the water that was used was Alhambra Purified Water. The water was poured through the structur- 
ing device a specific number of times, either one, five, ten, fifteen, or twenty times. After a se- 
ries of runs, the test sample of water was measured for changes in electrical conductivity, pH 
(acidity and alkalinity), and infrared and ultraviolet absorption of energy at specific wavelengths. 
The UV (ultraviolet) and IR (infrared) experiments produced the most significant and repeatable 
results. 


Ultraviolet Studies 


This review of the PRI experimental work in the structuring of water will concentrate on the two 
most significant experiments that were conducted over the three year period from 1984 to 1987. 
These involved the careful examination and study of the changes in the absorption of infrared and 
ultraviolet energies that occur when water is circulated around a cut quartz crystal. 


A sample of water, designated “control”, is first measured on an ultraviolet spectrophotometer 
for the percentage of energy that it absorbs in the ultraviolet frequency range from 300 to 200 
nanometers (nm) of wavelength (a nanometer is one-billionth of a meter or one-tenth of an Ang- 
strom). 


The absorption value for the control sample of water is set at zero percent on the chart recorder 
printout of the UV spectrophotometer. After this sample has been tested, another sample of the same 
type of water is run through the structuring device a set number of times, and then it too is measured 
for the percentage of ultraviolet that it absorbs. This is referred to as the “test” sample of water. The 
percentage of UV absorption at specific wavelengths for the test water is then superimposed over the 
percent absorption for the control water, and the two are easily compared because they are on the 
same graph. A sample of one of these graphs is shown in Fig. 4-20. 


In a very high percentage of the total tests that were run on the UV spectrophotometer, the 
structured water samples showed consistently higher percentages of absorbed ultraviolet energy. The 
values for the percent changes in absorption that were used were those that occurred at 200 nm of 
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wavelength. It is likely that the ultraviolet energy that is absorbed by the water molecule goes into its 
hydrogen bonding, so an increased rate of energy absorption would mean an increase in the hydrogen 
bonding forces. This is consistent with the theory of the structuring of water, which states that struc- 
tured water, among other things, has increased hydrogen bonding. 


Energy 
Absorbed 

in Percent 
Increase 30 


4— Structured Spirit Water 


Control 


nanom ig 
300 anometers 


Fig. 4-20. UltraViolet Absorption Increases for Structured Water. 


/ 


The graph that is shown in Fig. 4-20 shows absorption increases for the test water that are above 
the average. We consider this to be an example of very good structuring, as indicated by the high 
absorption increases of over two percent at ten times through the device (10x), and over six percent 
for twenty times (20x). Most of the tests that were conducted at PRI do not show UV absorption 
increases that are as high as those that are shown in the graph. The average increase in ultraviolet 
absorption was about three percent. However, a significant percentage of the tests produced in- 
creases that were between five and ten percent, and the graph is representative of this group of tests. 


Over four-hundred tests that examined the ultraviolet changes that water undergoes as it struc- 
tures have been conducted at PRI. All of these tests, except those that are in the special category 
under SSW (Structured Spirit Water), involve spinning the water around a quartz crystal. Many, how- 
ever, involve subjecting the spinning water to other physical effects. These effects and their outcomes 
are summarized below. All of the water that was used was purchased from a bottled water company, 
and was charcoal filtered and deionized down to 3-5 ppm (parts per million). 


1. Spinning water through a device with no crystal present showed a UVA (ultraviolet absorption) 
increase of 1% in 42 experiments. 


4-47 


Water 


2. Spinning water through a device with a four-sided healing crystal present showed average UVA 
increases of 2.5% in over 120 experiments. 


3. Spinning water around crystal while a Xenon strobe was used showed a UVA increase of over 3% 
in 35 tests. 


4. When the test water samples were measured in a plastic cuvette for 12 experiments, instead of 
the normal quartz cuvette, a decrease in UVA occurred in every experiment. This seems to 
indicate that water is compatible with quartz but not with plastic. 


5. Spinning water around crystal with a solid 3.5 million gauss permanent magnet attached to the 
crystal showed no increase in UVA in 45 experiments until 15x or 20x was reached, and then an 
average UVA of 2% - 3% was produced. 


. 6. Spinning water around crystal and a small ring magnet for 15 experiments, with or without a 
Xenon strobe, showed the same UVA increases as if no magnet were present. 


7.  Subjecting the crystal to a bulk demagnetizer for one minute before it was placed in the device 
showed average (2%) UVA increases for the water that was structured in 10 experiments. 


8. Water that had been boiled before being structured showed good UVA increases of 4% average 
in 32 experiments. UVA rates of 9% occurred in two of the tests. 


In the following experiments, the test water was not spun around a crystal, but was instead ex- 
posed to two different types of energy: 


9. Water that was exposed to Kiva and Vita Lights, which are high in their emission of UV radiation, 
showed an increased UVA of 1% in 25 experiments. 


10. Water that was treated through meditation, prayer, and singing, called “structured spirit water” 

: (SSW) showed the highest UVA ever measured in our lab. In a series of 12 tests, UVA rates from 

10% to 16% were measured, with one test showing a maximum UVA increase of 40%. For further 
information, see the section under “Structured Spirit Water.” 


11. Water that had a .01% solution of silicic acid added to it showed an average UVA increase of 
4% in 12 tests. 


Failed Tests 


In about eighty-five percent of the PRI ultraviolet tests there was an increase in the UV energy that 
was absorbed, but there was an apparent breakdown in the structuring process in the remaining tests, 
which either showed no increase in absorbed energy, or a decrease in absorbed energy. A test is 
judged to have failed if there is a UVA increase of less than one percent. Despite this criteria, it is 
sometimes difficult to decide whether a test sample of water has failed to structure. Out of the over 
four hundred structured water experiments that were examined and compiled for this report, about 
sixty fall into the category of failed tests. 


These breakdowns are of concern to us, and a closer examination of these experimental failures 
led us to postulate the theory that the structuring of water is influenced by the mental and emotional 
condition of the experimenter. This may seem as if it is an ad hoc theory that has been devised to 
explain away our experimental failures, however, when we examined a set of experimental results that 
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all showed a failure to structure, we discovered that they had been conducted when the researcher 
who was performing them was suffering from a severe toothache. There is at least the possibility that 
the emotional and mental distress that this condition was causing him was also affecting the structuring 
process. 


If the mind and emotions of an individual are able to influence the structuring of water, then this 
substance must be highly sensitive to the very low energy fields that the human body produces. We 
have been able to measure the magnitude of these fields on a standard voltmeter. If the wire leads of 
the voltmeter are connected to some type of dielectric substance such as a crystal or a plant leaf, the 
meter will register the voltage level of the body as these pick ups are brought close to the body. We 
have found that at distances of between one and two feet, the voltage level of the human aura or 
energy body can be as high as one-half volt. This voltage can vary a great deal from person to 
person, as it is a product of the physical vitality of the person that is being tested. 


The fact that the voltage or energy level (voltage is a measure of electrical energy) of an individu- 
al’s energy body can be measured does not mean that this quantity in itself can be used to determine 
the emotional or mental state that the individual happens to be in at that moment. We believe that this 
would require a far more subtle measurement than voltage. The measurement of mental and emo- 
tional conditions may be related to the changes in voltage that the body is constantly undergoing. We 
have noticed in our work that the voltage level of the aura is in a constant state of change of flux. It will 
rise to a certain maximum level of positive voltage, and then fall to an equal level of negative voltage. 
This indicates that the body’s voitage level is not only undergoing changes in magnitude, but is under- 
going changes in polarity as well. It appears that one side of the body will build up to a certain voltage 
level and then it will quickly drop to zero, only to build up to the same level but with an opposite 
polarity. The polarity reversals can probably be quantified in terms of frequency, that is, they must 
occur at certain rates or frequencies. We hope someday to be able to measure these frequencies. 


if the body’s voltage (energy) level has specific rates or frequencies, then it is possible that these 
frequencies are in turn related to the frequencies that can be found for the proton movements 
throughout a group of structured water molecules. It is possible that the body’s energy changes are 
imprinted upon, and carried by, the water molecules that are found in the body. If, in turn, these 
energy and voltage changes are related to emotional and/or mental changes, then we can further 
postulate that the water molecules in the body carry the informational content or the memory of these 
emotions. If this is the case, then we can understand that emotions will have an effect upon the 
condition of the water that is found in the body, and that these same emotions can also affect the 
entire body. 


These are some interesting although indirect evidence for the validity of this theory. A great 
number if cultures have the tradition of the ceremonial sweat, where members of the tribe of group will - 
take prolonged steam baths. Among the North American Indians, there is a belief that these sweats 
have the effect of “renewing” the person's energy and of canceling out the negative or “evil” spirits 
that have invaded the person. These evil spirits could be no more than the negative emotional experi- 
ences that have been imprinted or stored on the structured water that is in the. person’s body. When 
this water is sweated out of the body. these imprinted patterns are removed and the person feels 
better because of this. 


Infrared Results 


The most important frequency bands for the water molecule, and those that have been studied 
the most in the existing literature, are in the infrared (heat) portion of the spectrum. Water is very 
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sensitive to heat, and the frequencies at which this energy is absorbed by the water molecules are 
subject to a great deal of change and variation as the temperature of the water is lowered and raised. 


As the temperature of water is changed, very definite and well known changes appear in the 
spectral pattern of water. As the temperature is lowered, certain frequencies decrease while others 
increase. Generally, all of the frequencies that are associated with the intermolecular bonding of the 
water molecule, such as the symmetric, asymmetric, and deformation vibrations, will decrease, and 
all of the frequencies that are associated with the intramolecular bonding within one water molecule will 
increase. Fig. 4-21B shows where the maximum absorption of infrared energy occurs for water at 


specific temperatures. The frequency range is between 2800 cm and 3800 cm. “Cm is the 
number of waves per centimeter (cm). It is referred to as the “wave number” and is used when the 
infrared frequencies of the spectrum are being studied. 


As the temperature of water decreases, the maximum absorption peaks for infrared energy shift 
in the direction of lower frequencies. This phenomenon is referred to as the infrared shifting of the 
spectrum for water. The frequency difference that exists between the successive peaks that are 
shown in Fig. 4-21B are known as the “phase shifts” or “ phase changes” that the water molecules are 
undergoing as their temperature is decreasing. 


We ‘have been able to produce phase shifts that normally only occur in water that has had its 
temperature lowered, in the water that we have structured in our lab at PRI. By reproducing these 
shifts in water that has been spun about a quartz crystal, we have produced in the water an “icelike” 
condition without resorting to icelike temperatures. The physical interaction that occurs between the 
spinning water and the stationary quartz crystal produces the structured water chains or microstates 
which have, as one of their physical properties, a lower temperature than the surrounding water. This 
is the reason that the Russian researchers have referred to structured water as having physical quali- 
ties that are icelike in nature. 


We have measured the infrared spectrum between 400 em' and 4000 cm'' for over.125 samples 
of water that had been structured. The same experimental protocol that was used for the UV experi- 
ments was also used for the IR experiments. The sample of control water was first measured for the 
percentage of energy that it absorbed over the tested frequency range. Another sample of identical 
water was then structured and it too was measured on the IR spectrophotometer for absorption at 
specific frequencies. The printout for the test sample was superimposed over that of the control 
sample, so the two could be easily compared for changes in absorption rates and for changes in the 
frequencies of maximum and minimum absorption of infrared energy. These latter changes are the 
phase shifts that indicate the formation of an icelike state. 


Over fifty percent of the sampies that had their infrared spectrum measured showed significant 
phase shifting in the region that lies between 2300 cm” and 2800 cm”. This is in the frequency range 
where the minimum absorption of infrared energy occurs in water. It has been found that the phase 
shifts that occur here are the same as those that occur in the frequency range of the maximum 
absorption of energy. Fig. 4-21B shows the maximum absorption range and Fig. 4-21A shows the 
minimum absorption range for the water molecule. The curves that they trace are almost identical, 
however, they have scales that are opposite to one another. ° 


Fig. 4-21A shows an example of good structuring and phase shifting for a sample of water that 
was structured in the P.R.|. lab. The phase shifts that occur as the control sample is structured into a 
test sample are shown as arrows that occur between the peaks of the graph. These peaks are shifting 
in the direction of the infrared as the control sample is structured into a test sample. These phase 
shifts are actually heterodynes of the control and test frequencies, that is, these two frequencies are 
subtracted from one another to obtain the value for the phase shift. ; 
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Infrared phase shifts (arrows) are produced as water is spun five times around a quartz crystal. 
Test sample was subjected to a Xenon strobe light. 


Fig. 4-21 A. Infrared Phase Shifts. 
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Fig. C. Absorption of liquid water at different temperature, 1) Ice, -70°C; 


water, #2°; 3) water +28°C; 4) water +80°C. 


Fig. 4-21B. Absorption of Liquid Water at Different Temperatures. 1- Ice, -70° C; 
2- Water, +2° C; 3- Water, +25° C; 4— Water, +80° C. 
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The heterodynes that are produced by the structuring of water are most likely related to those that 
were discussed in the previous section on the formation of the microstate. We have found that their 
values lie between 40 cm™' and 120 cm'', which is in the frequency range of the lowest intramolecular 
frequencies that occur for a single water molecule. These vibrations occur at about 60 cm’, Appar- 
ently, the phase shifts which are produced during microstate transitions are able to resonate with the 
frequencies of a single water molecule, and as such are in resonance with all of the water molecules 
that are found in the sample of water. This resonance is also reinforced by the symmetric vibrational 
mode of the microstate, which has the effect of increasing the amplitude of the intramolecular vibra- 
tions of the water molecule. These low frequency vibrations are characteristic of the rates or frequen- 
cies of the translocating (moving) protons that were discussed in a previous section. 


It appears that one of the characteristic features of the formation of the lyotropic mesophase is 
the production of low frequency vibrations that occur in: 
1 the phase shifts of the infrared spectrum of the mesophase; 
2 the phase transition rates for the mesophase; 
3. the proton migration rates; 
4 the intramolecular vibrations of a single water molecule. 


Most of these features are unique to the mesophase, as they do not occur in ordinary or bulk 
water. Number one (1) does not occur in bulk. (unstructured) water; number two (2) occurs in bulk 
water but at much higher rates (see Fig. 4-17); number three (3) only occurs in unstructured water to 
a very small degree; number four (4) does occur in all water molecules, but in unstructured water it is 
a singular, isolated effect that is not related to, and does not occur along with the other effects. 


Our study of the infrared changes for the structured water molecule is by no means complete. In 
almost half of the tests that were conducted, no IR phase shifting occurred for the water sample. We. 


have noticed that these phase shifts tend to develop after the water has been allowed to sit in the open 
air for a period of several hours. During this time period, there is some degasification of the water, 
and it is likely that the phase shifts are related to this phenomenon. One of the changes that occurs in 
structured water is that of ionization. A large number of the water molecules are ionized into hydrogen 
and hydroxyl ions. The latter attach themselves to the water chains while the former move throughout 
the chained structures. It is likely that the process of chain formation occurs over a period of time, in 
other words, the chains do not form immediately, but instead require some period of time for their 
formation. While this is happening, certain gases that are not compatible with the water chains, such 
as carbon dioxide, sulfur dioxide, and nitrous oxide, leave the water solution through degasification or 
evaporation, while the gases that are compatible with the chains, such as oxygen, remain in the water 
and attach themselves to the water chains. These chemical changes occur over a period of time. If 
the IR phase shifts for structured water do not occur until to processes of degasification and oxygen 
fixing have occurred, then they could not be immediately measured on the IR spectrophotometer. 
Obviously, a great deal of further experimentation is required before the exact relationship between the 
structuring process and the process of degasification and oxygen fixing is known. 


lf the IR phase shifting for structured water is time related and the UV absorption is not, then 
we have a reason for the inconsistency of the former and the consistency of the latter. The struc- 
tured water molecules are able to absorb greater amounts of ultraviolet energy as soon as they 
have been structured, and this can be readily measured on the UV spectrophotometer, while these 
same molecules cannot go through their IR phase shifting process until a certain amount of 
degasification has taken place, so this process is time-dependent, and any measurements of the 
IR spectrums of the structured water that is performed before the dugasiicanon process is allowed 
to take place will not show the IR’ phase shifts. 
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When Marcel Vogel was in Germany in the summer of 1987, Besolecedeet a tania saint 
In the period from June 3 to June 6, 
he had the group of people that he was instructing charge this water in ceremonies that involved 
singing, meditating, praying, listening to instructions, and observing demonstrations. These com- 
bined activities apparently caused the water to go into a structured condition. When Marcel re- 
turned to his lab in California, he had samples of the water measured for changes in UVA. The 
results of this experiment are shown in Fig. 4-20. 


This water, which we have labeled “structured spirit water” (ssw), shows the highest UVA in- 
crease of any sample of water that we have ever tested, almost 40% in one test. This test in- 
trigued us, so we obtained another sample of water that had been treated by someone else in a 
ceremony that involved meditation and prayer. We tested this sample for increases in UVA, and 
discovered that it too had a much higher-than-normal value of 16%. We diluted both of these wa- 
ters and remeasured them and found that although their UVA increases had declined, they were 
still at unusually high levels. 


We did not perform enough tests on water that was structured by use of the “spirit” forces or 
powers of an individual or group of individuals to state categorically that these UVA increases are 
in fact repeatable and valid, however, our work does not stand alone, as other scientists have 
studied the infrared changes that various “healing” waters have undergone when they were treated 
by the practice of the laying-on-of-hands. 


A well-known healer, Olga Worrall, was asked to “charge” some water with her hands. After 
she did this, the water was measured on an IR spectrophotometer for any changes in absorption 
patterns. The results of these measurements were fairly conclusive. They showed a small but 
definite change in the IR spectrum for the water that she had treated. The treated water had de- © 
veloped phase shifts in the infrared that were similar to those that were produced in our lab during 
the process of structuring water with a quartz crystal. A change in surface tension and bond for- 
mation times also occurred in the water samples that were treated by the healers. Our work with 
structured spirit water was confined to studying the changes in UVA, while the studies that were 
performed on the water that had been treated by healers involved IR changes. Despite this fact, 
there appears to be enough similarity between the two sets of experiments to state that they were 
both probably measuring the same physical phenomena. 


Previously, it was stated that the connection between the emotions and the body lies in the 
information that is imprinted upon the water molecules that are found in the body. The connection 
between the mind and the material body may lie in the electron spin alignments that control the 
process of. crystallization and produce crystals. Finally, the connection between the spirit and the 
body may lie in the permanent programs that are in the atomic nuclei of all atoms. The proton 
spin rates and alignments may be a product of these spin rates,and changes in these rates may 
be able to alter the nature of the atomic nucleus and of the atom that it is a part of. It is interest- 
ing to note that the proton too has a spin orientation that is close to the interlattice angle of the 
quartz angie. All protons, when influenced by magnetic fields, tilt over to an angle of 51° and 
begin to rotate. Their rates of rotation are proportional to the strength of the magnetic field. No 
one knows why all protons tilt to this angle, but it is close to the angle of the quartz crystal, and is 
equal to the one-seventh phase angle of 51.43° that is produced by dividing the circle of 360° by 
the number seven. This wave is formed when amorphous molecules and atoms are suddenly 
aligned into crystalline structures. 
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Conclusions 


We can only speculate on what the physica! connection between mind, body, and spirit is, but 
it is the goal of our work at PRI to discover it, and to put these discoveries to good use in helping 
people to heal themselves by reintegrating their minds and bodies with their spirits. To this end, 
we believe that water is the vital link between the body, the mind, and the spirit, and that the 
study of the properties of water will be the first step in understanding the connection that exists 
between the material body and the subtle bodies which surround it. 


The research that we have done leads us to conclude that there is a relationship between the 
quartz crystal and the water molecule. This relationship is based upon similarities of internal struc- 
ture. When water is spun around a specially cut crystal, it develops a mutual resonance with it, 
and the lattice structure of the crystal is able to duplicate itself in the internal structure of the 
water. The solid microstate of the crystal produces a lyotropic mesophase in the water molecules, 
and the water becomes “structured”. The transition times are the rates at which adjacent water 
molecules form and break their bonds to one another. These times are significantly longer for 
structured water than for unstructured water. ; 


Structured water has a greater degree of ionization than unstructured water, and a greater 
degree of internal symmetry as well. The ions that constitute structured water bond into the chains 
or internal structures that distinguish this type of water from ordinary or bulk water. The combined 
effects of ionization and chain formation produce secondary changes that can be measured as in- 
creases in the absorption of ultraviolet energy and phase shifts in the infrared portion of the spec- 
trum. 


_ One of the ions that the water molecule breaks down into is the negatively charged hydroxy! 
ion. When this ion bonds to the structured water chains, it has the effect of adding oxygen to the 
water. Structured water is oxygen-rich water, and it can be used to remove impurities, organic as 
_ well as inorganic, from contaminated water through the process of oxidation. 


The purification of water by quartz crystals will be accomplished by technologies that are not 
energy intensive, and will therefore be cost effective when compared with existing technologies 
that perform this same task, Water is currently purified by processes that consume large amounts 
of energy, such as the deionization process that uses electricity, the distilling process which re- 
quires the boiling of water, and the freezing process, which involves the lowering of it temperature. 
Even the process of charcoal filtration is costly, although less so, as the filters must be replaced 
periodically. The process of spinning water around a crystal will only require the energy that is 
necessary to lift the water to the top of the structuring device, and no filters or other replacement 
equipment will be necessary. 


Water that has been spun about a crystal increases it rate of absorption of ultraviolet light and 
shows phase shifting in the infrared spectrum. However, these changes also occur in water that 
has: ; 
had its temperature lowered 
been treated by the laying-on-of-hands technique of people known as healers. 
been subjected to ceremonies involving singing and -meditation. 


kwon — 


been extracted from living tissue. 


The procedures that were described in numbers 2 through 4 above indicate that water can be 
altered into an “icelike” condition without the imposition of icelike temperatures. The change-of- 
state or mesophase that water undergoes as it moves from the liquid’to the solid state can be 
found in water that has been subjected to these other physical effects and conditions. 
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The fact that water that is having its temperature lowered, and water that is being treated by 
healers, are undergoing the same changes, seems to indicate that this substance is capable of 
linking the material world of the atorn, as seen in the mesophase transition from water to ice, with 
the non-material “thought-forms” that are the product of human thought and emotions, as wit- 
nessed in the ceremonies that link the individual to his higher or soulic nature. 


A possible theory that describes this link between the soul and the body follows: The 
thoughts and emotions of individuals are first imprinted upon the body’s liquid crystal molecules, 
such as the organic fats and cholesterol, and from here they are transferred to the structured 
water molecules that can be found within the body. This occurs whenever water molecules come 
into contact with organic molecules. This is the reason that the water that the Russian scientists 
derived from living tissue was highly structured, as they were able to measure phase shifts in the 
IR spectra and a depressed freezing point. After water has been imprinted with the signals that 
constitute the emotional and mental reactions of the body, it is reprocessed and reordered by the 
lymphatic system, and then circulated throughout the body in the bloodstream. The bloodstream 
carries these water molecules to many of the cells in the body, and the signals can be transferred 
to, or imprinted upon, these cells when the water molecules come into contact with them. 


Structured water is of great importance to the body. If unstructured, “dead” water is taken 
into the body, then it must. be put into a structured condition by the body’s organic molecules, and 
this could become a burden to them, or possibly, the unstructured water is capable of bringing 
information (in the form of signals) to these molecules. These signals may be the basis of the 
spontaneous remission of serious illnesses such as cancer. Structured water may be capable of 
erasing the aberrant growth programs that produce cancer, and of restoring a normal pattern of 
growth to the body’s cells. 


Ultimately, a theory that would adequately explain the existence of structured water would also 
explain the connection between mind and matter, and would help support the philosophy of mind 
over matter as well. The medical sciences that currently expiain the functioning of the body do not 
recognise that there is a direct physical connection between the thoughts of an individual, the 
emotional reactions that are produced by these thoughts, and the effect of these reactions upon 
the cells of the body. 


We describe the physical processes of the body in terms of chemical reactions, but a far 
deeper and more significant level exists. The first level below that of the chemical reaction is that 
of the electrochemical reaction, the quantification of the body’s chemical changes in terms of 
electrical changes. At this level, chemical reactions are described in terms of ion exchanges at 
certain voltages. The phenomena of proton translocation and hydronium ion formation are exam- 
ples of electrical descriptions of chemical reactions. At an even deeper level, gross electrical 
measurements can be further refined into the times or rates of chemical reactions, and the energy 
exchanges that occur during these times. An example of this would be the proton translocation 
rates or frequencies that were discussed earlier in this paper. But the level below that of fre- 
quency would be the specific nature of the information that was encoded upon these frequencies. 
This is where we would finally approach the level where the mind influenced the cells of the body. 


The frequencies of energy that motivate the cells of the body are composed of billions of 
other frequencies that have been modulated onto the initial frequencies, and billions of others in 
turn that have been modulated onto these frequencies. As these many frequencies oscillate 
through the organic molecules in the body. they would tend to stand still within the structure of 
these molecules. As they did this they would produce a standing wave within the molecule. Cer- 
tain frequencies within this wave would have nodes (points of maximum amplitude) at certain loca- 
tions within the molecule, and these locations would define points in space that would constitute 
the nodal structure of the molecule. This nodal structure could then be likened to the structure of 
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a crystal, where specific angles exist between atoms, and the atoms are organized into definite 
geometrical structures such as the six-sided quartz crystal. 


Once we have reached the level of geometry, form, and structure, we are at the level of the 
spirit, or rather, the manifestation of the spirit into matter. This form can be seen in it simplest 
form in the electromagnetic spectrum of every atom and molecule, as each substance has a fre- 
quency pattern or spectrum that is unique to it and it alone. The simplest spectrum is that of the 
simplest atom, hydrogen, which consists of one proton and one electron. Very complex organic 
molecules, with thousands of atoms, would have very complex spectrums. The mind, with its out- 
put of billions of frequencies from its billions of cells, would influence these organic molecules, with 
‘the water molecule acting as a portable magnetic tape unit that recorded these frequencies and 
distributed them to the other organic molecules that make up the body’s cells. 


We know that many of the ideas that we have put forth about the relationship between the 
quartz crystal and the water molecule, the water molecule and the body’s organic molecules, and 
the organic molecules and the thoughts and emotions that people have are theoretical in nature. 
We hope that they become food for thought for the many scientists that must eventually take on 
the task of researching and discovering the relationship between the crystal and the human body. 


1 from The Body Quantum by Fred Alan Wolf, Macmillan Publishing Company, NY, 1986 
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Chapter 14 
The Plumber’s 
Point-Contact Transistor 


he discussion of the germanium dicde, as it appears in 

thé last chapter, is really more conceptual than practical. 

- In addition to the tangible difficulties associated with 
obtaining, purifying, doping, and crystalizing germanium, there is the 
non-invial maiter of creating the junction itself. Simply pressing twa 
doped crystals together will not achieve the desired results. Tha 


+ junction diode was not a realizable device until suitable material 


processing and fabrication technologies emerged. 


The Point-Contact Diode 


; Happily, there are countless combinations of materials from 
which primitive, dlade-like junctions can be created. At the dawn of the 
age of radio, at the beginning of the last century, these tanded to ba 
naturally occurring mineral substances like galena or iron pyrite. While 
there are different ways to combine such materiais to produce crude 
P-N junctions, most radio detectors were composed of a small sample 
af the crystalline mineral, probed by a thin, sharp, springy wre, 
are aye: to as the cat's whisker. The body of the crystal 
provided one terminal for the resulting diode. T d 
provided the other. , cansisecanoacatih 

Ideally, a P-N junction allows the free flow of electricity when 
forward-biased, and completely blocks that flow when reversed. When 
they were the state-of-the-art, natural mineral diodes offarect 
acceptable performance in simple radio circuitry. Virtually all of them, 
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Intemal construction of a viniage germanium 
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Figure 14.2 
The paint contact-diode 


however, wera less than 
deat from an electrical 
standpoint. Many were poor 
canductors when forvard- 
biased, and most tended to 
“leak" when raverse-biased. 

When purified 
doped germanium crystals 
became available, they 
were ultimately probed with 
whiskers in the traditional 
style, and found to make 


exceptional diodes. 
Figure 14.1 is a 
drawing of an early style of 


germanium crystal diode 
and Ks internals. The diode 
is composed of a tiny slab 
of N-iype germanium 
mounted to tha end of a 
terminal post. A tiny °S"- 
shaped whisker, connected 
to a second terminal post, 
probes the surface of the 
germanium slab. The wire 
from which the whisker is 
made is springy. The *S"- 
shape ensures that the 
point of the whisker is 
applied to the face of the 
crystal with a uniform force. 
The constituent parts are 
housed in a ceramic tube 
that insulates the terminals 
from each other, and 
protects the diode’s delicate 
internals, 

lf you've bean 
paying attention, you should 
haye noticed that I've made 
no menton of P-type 


maternal. How can one create a P-N junction using N-type material 
alone?! 

The answer lies in figure 14.2. A good number of the free 
electrons in the N-type material diffuse to the surface of the material 
where they form a virtual skin. Metals, tike those used in the fabrication 
of cat's whiskers, are excellent conductors of electricity. When the 
whisker is brought Into contact with the N-type germanium, some of 
the crystals free electrons, near the immediate point of contact, 
wander into the whisker. The loss of electrons from the vicinity of tha 
whisker upsets the local charge balance, causing the formation of a 
Small. dome-shaped P-type region in the crystal. 

Because the P-N junction is implemented as a cat's whisker 
that makes contact with the face of the crystal at one, tiny point, the 
configuration is called a po/ni-contact diode. 


The Crystal Triade 


Figure 14. 3 illustrates the concaptual design for a point-contact 


triode, similar to the first tranalstor developed by Bardeen and Brattain. 


Like its lesser cousin, the crystal diade, the triode begins with a slab of 
N-type germanium, which wa'll hereafter refer to as the base. 

The baga is probed with not one, but wo cat's whiskers. One 
whisker, labeled amiter, is connected to a small battery and a switch. 
The other whisker, called the coffactor, is wired to a battery of its own, 
and a current indicator like an ammeter. 

If you study the manner in which the collector battery is wired 
you'll discover that the diode junction formed by the base and collector 
ig, in fact, raverse-biased. There are no charge carriers available, so 
virtually no current will flow, with the exception of the tiniest bit of 
laakage. For ail practical purposes, the meter will read zero. 

The diode formed by the emitter and base, on the other hand, 
haa been wired in the forward-blasad direction. When the switch is 
Closed, electrons are sucked out of the emitter by the battery. The 


| aggressive removal of electrons, and thus the removal of negative 


charges in this region, results in the creation of holes. In fact, the 
process is sometimes cleverly referred to as Hove injection. 

These new holes are attracted to the negative flald 
surrounding the collector and begin te travel in that direction. Because 
they're wandering through N-type base material, which is rife with free 
elacttons, @ good percentage of them will eventually encounter an 
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alectron and combine with it. Those holes are essentially filled, and 
cease to be of interast to us. 

However, if the emitter (where the holes are injected) and the 
collector (to which the holes are drawn) are spaced closely enough, 
significant numbers of holes will reach the coliector before being 
neutralized. ; 

The surviving holes form a positive space charge which 
attracts and lures additional electrons from the bulk of the N-type base 
material. With the sudden availability of electron charge carriers in the 
vicinity of the callactor, the ammeter needle will rise, because a 
relatively large current can 
now flow through the 
previously unpasgable 
collector/base junction. 

In concentrating on 
the movement pf minuscule 
charges, its easy to 
overlook the overall 
sighticance of the process 
I've just described. Let me 
rephrase it In the conten of 
the earlier chapters in this 
book, 


EMITTER, CoLLecToR 


A while back, we 
defined an amolifier, in its 
most generic form, a9 a 
davice that allowa ane 
source of power ta control 
another. We cited the 
telegraph relay, a8 an 

Figure 14.3 example. In that case, a 

The paint-contact transistor small signal applied to the 

coil of the relay caused it to 

activate a much atronger local supply. Likewise, our thermlanic trades 

were constructed go that a delicate voltage applied ta the tube’s grid 

was capable of cantrolting the power source attached to the tube’s 
plate. 


In the case of tha crystal triode, the battery and meter In the 
collector branch of the circult are reverse-biased and normally off. That 
is to say, there's no significant flow of electric current through that 
branch of the circuit. When a small currant is applied to the emitter 
branch, the collector branch suddenly comes alive. One power saurce, 
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the emitter baitery, is able to contro! a second sources, wired through 
the collector. The crystal triode, or point-contact transistor, if you will, 
is an Inatrument af amplification. 

The nice thing about transistors is that they re not limited to on- 
off applications like primitive relays. They're equally effective In 
regenerating and strengthening variable, analog-type signals In the 
manner of vacuum tubes. In terms of gain, the output of a typical paint- 
contact transistor can double or even triple its input 

The transistor, in tts point-contact form, made Hs debut in the 
late 1940's. In researching the subject, | collected and read a fair 
assortment of books from the 1950's. and discovered considerable 
disagreement between the theories proposad to explain the intemal 
operation of these devices. To complicate the matter, ihe raign of the 
polnt-contact transistor was, by all accounts, brief, and by the early 
1960's, they had already been rendered obsolete and extinct by the 
introduction of superior junction transistors. References to the former 
venigshed fram the pages of textbooks from that time fonward. 

{ have no doubt that modem physics has developed the fools 
and theoretical underpinnings to describe, conctusively, the processes 
internal to point-contact devices. What's not claar is who, if anyone, 
has ever revisited the matter. | mention this simply to wam yau that 
you may find my explanation at odds with another period gaurce, a 

contemporary source, or even with reality. How's that for a caveat? 


Homemade Point-Contact Translators 


Almost as saan as the invention of the point-contact transistor 
was announced, clever experimenters, of the type likely to read this 
sort of book, sought to fabricate their own. In fact, | was able to locate 
no less than three magazine articles on the subject. Surprisingly, the 
process ia simple. | was able to glean the essential details, both from 
these articles and other textbook material, and build severai transistors 
mysalf. 

To build a successful transistor yourself, several issues must 
be addressed. First, is the obvious matter of securing a sample of N- 
type germanium. All of the authors | read based thelr designs on the 
tiny stab of germanium found in the vintage 1N34 crystal diode. Back 
then, the 1N34 was manufactured in the type of ceramic package 
deacribed earlier, in figure 14.1. It was a falrly simple matter to 
dismantle the housing, or if need be, crush the ceramic tube. If care 
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was exercised, a aquat, brass pin, on which the germanium slab ordie 
was soldered, could be safely extracted. 

The next concern is the matter of cat's whisker electrode 
matertal. Most of the texts I've read call for the use of phosphor bronze 
wire. One experimenter built his devices using fine ungsten, which he 
had salvaged from the filaments of bumed-out 35¥V4 vacuum tubes. 
In any event, the electrode material must be of an extramely fine 
gauge, or must be capable of being honed io a sharp point It must 
alga have some elasticity or spring-like qualities, so that when the 
points ara placed upan the surface of tha germanium, hey'li tend to 
remain there under a 
dajicate but unlifarm 
prassure. 

The third concern, 
I'll describe as a matter of 
geometry. The operation of 
the point-contact transistor 
is dependent upon the 
successful migration of 
holes from the emitter to the 
collector. There are plenty 
of free elecirons in the N- 
type germanium to intercept 
them, so the only way to 
ensure that at least some 
holes make thair way to the 
collactor is to place the 
amittar and collactor 
whiskers in close proximity. 
All of the references | found 
described amitter-to- 
collector distances ranging 
fromm 0.0005 to 0.005 inch, 
with 0.002 being the most comman value. 

A successful transistor can be fabricated in any number of 
ways, provided the elements above are combined in an appropriate 
manner. This, of course, Is largely a question of mechanics. How ever 
It may 6@ Implemented, the body of the transistor must somehow 
contaln the germanium slab, provide support for the emitter and 
callactor cat's whiskers, and keep them applied under Iight pressure 
to the face of the germanium crystal. All the while, tha whiskers must 
be maintained at their proper spacing. The authors of each of the three 


Figure 14.4 
Atkins’ homebrew transistar 
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construction articles | found 
impiemented thetr transistor 
housings in different ways. 
c. E. Atkins (sea 
references) took a rather 
Straightforward, "“bread- 
board” approach, the 
essence of which can be 
found in figure 14.4. In his 
design, a block of wood 
features three brackets with 
binding posts. One binding 
past supports the crystal 
itself, while each of the 
ather two supports a cat's 
whisker. His scheme is 
simple, easily handled and 
adjusted, and apparently 
works. The drawback | see 
has to do with an obyious 
lack of mechanical rigidity. 
The whiskers are easily 
dislodged from their 
delicate adjustment by the 
dlightest vibration or shock. 
As well, Atkins's crystal is 
completely unprotected 
from dust and other 
airbome contaminants. 
Apparently, 
experimenterfauthar Rufus 
Turner viewed the 
transistor, quite literally, as 
a diode with two whiskers. 
Turner's appragch to 
transistor construction 
involvad the modification of 
an old ceramic 1N34 to 
accommedate the 


- additional whisker. The 


Implementation, as he 


| described it, ia quite clever, 


GERMANIUM 


INSULATOR 


Figure 14.5 
Tumer'’s homebrew transistor 


Figures 14.6 
Haltdon’s homebrew transistor 
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butis bound to be problematic for the contemporary experimenter. For 
mechanical reasons, it requires not one but Avo of the vintage-type 
ceramic 1Nad‘s. Vintage 1N34’s may still be found, but I'd hardly 
consider them plantiful. A design requiring the parts from two of them 
is obviously disadvantageous. As well, I've puzzled aver his ability to 
dismantle them In a non-destructive fashion. Despite my best efforts, 
i have yet to succeed in opening a ceramic 1N34 without fracturing it 
Figure +4.5 summarizes Tumer's design, 

Ta me, P. B. Helsdon’s design is the most practical, and is 
most likely to result in a useable device. Helsdon’s design begins with 
a tiny cylinder of resin or similar plastic insulating material, which 
serves as the foundation of the device. The insulator is bored through 
with tiny drills, and fitted with the germanium crystal and the emitter 
and collector leads. Rather than rely on the usual cat's whiskers, 
Helscon’s transistor employs two minuscule, pointed, bladedike 
electrodes. Fashioned from tiny pleces of phosphor bronze wire, 
pounded flat, and ground to an arrowhead-lika shape, their points rest 
on the face of the crystal under the mild pressure of their own 
elasticity. Figure 14.6 summarizes the design. 


The Plumber's Point-Contact Translator 


In building my own transistors, | drew upon the lessons of 
Atkins, Turner and Helsdon. | wanted a layout that was simpie to bulid 
with cantemporary paris, and easily adjustable. At the same time, | 
wanted the benefits of mechanical rigidity, and protection for the 
crystal from environmental factors. Finally, | wanted a design that 
would allow flexibility in the experimental use of different crystals and 
electrode materials. 

| did make several attempts to arrive at a good formula from 
which another enthusiast could reproduce my work. A few examples 
can be seen In figure 14.7. The first transistor was made from the parts 
ofan cld pressure-relief valve. Later, | combined a handful of common 
copper and brass plumbing parts to make excellent experimenta 
transistor housings. For obvious reasons, | call he later model, “The 
Plumber's Polnt-Contact Transistor.” A cutaway view with the major 
components labeled can be found in figure 14.8. As is so often the 
case, description of the assembly process is much more complicated 
than the procesa itself, 

Fabrication began with the transistor’s shell. This consists of 
a 71-inch length of 34-inch copper pipe pressed into a 3/4-Inch copper 
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; Figure 14,7 
To the left and righ! are examples of the Plumber's Point-Contaci Transistor; In the 
center, an earlier model made from a relief valve 


cap. The tube Is soktered into place, so that it can't be removed. A 
second 3/4-inch cap, which will function as a protective cover or lid, 
can be sild an and will remain in place by friction. See figure 44.9 

My transistors, like other experimental models, are basad on 
ceramic 1N34's. (fone is dedicated enough to the hunt, samples of this 
part may still be found in junk electronics from the 1950's or early 60's. 
As usual, garage sales, flea markets, and thrift stores are good places 
to start. Ham radio festivals are another. | have purchased dozang of 
useable diodes through online auctions. (Author's Note: | urge you fo 
exercise good judgement when deciding to scrap old elactronics. 
Always try to take into consideration the possible historic or nostalgic 
value of vintage gear. There are collactors and afficionados around the 
world who would be happy to give you a fistful of old diodes and more, 
if it saves an irreplaceable piece of electronic history from needless 
destruction. The intemet is an excellent rasource with which ta 
research the potential value of so-called “junk.”) 

As | alluded to earlier, my technique for removal of the 
germanium amounts to crushing the ceramic housing. This must be 
dene with exiramea care, 30 as not to chip the tiny germanium slab or 
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Figura 14.8 
A culaway view of the Plumber's Point-Conlact Tranistor 


dia. The die, in most of the cases I've seen, is soldered to a tiny brass 
pin. Once the diode has been broken open, the pin, with the attached 
dia, can be removed by loosening a tiny set screw and withdrawing it 

Avoid touching the surface of the germanium, and do notallow 
it to become moist. If the surface is accidentally soiled, one 
experimenter recommends the uge of lacquer thinner as a cleaning 
agent. If this becomes necessary, wear eye protection, exercise 
caution, and use It only with adequate ventilation. Helsdon, in contrast, 
recommends “sllicone-impregnated lens tissue” as a cleaning agent. 

The pin lg mounted in a part | call a pedestal. The pedestal is 
nothing more than &2-1/2-inch length of 1/4-inch brass rod. Atone end 
of the rod, | drilled a small hole in the center of face. This hole is sized 
ta accept the brass pin on which the germanium crystal is attached. 
The exact dimensions of the hole depend on the diode from which your 
pin has been extracted. Expect to use something on the order of a 
1/32-inch bit, to a depth of, say, 1/4 inch. See figure 14.10. 

The other end of the pedestal rod requires ne treatment at all. 
However, since it will be later used as a sort of handla by which to 
adjust the placement of the crystal, | took the liberty to taper it in a 
pleasing fashion, and to cut shallow grooves or rings to improve the 
grip of my fingers. | have a small jewelers lathe that makes operations 
Of this type a snap. Nearly the same effect can be achieved by 
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chucking the pedestal In a hand drill or drill press, spinning it, and 
dressing the rotating part with a triangular metal file. 

The pedestal is held in placa by an assembly | call the 
pedestal-ciamp. The pedestal-ciamp, seen in figure 14. 14, is fashioned 
from a common brass coupler of the type used te join two lengihs of 
flexible copper tubing. | purchased a 1/4-inch coupler, which comes 
with bwo compression nuts and two compression collars. 

One end of the coupler has to be extended. This Is dane with 
a 1-inch langth of 8/32-inch brass tubing. The tubing must be giid inte 
ane end of the coupler and 
soldered into place. Since 
the inside diameter of the 
coupler will almost certainly 
be toc small to allow this, 
you'll have to enlarge the 
bore with a drill bit’ Avoid 
pushing the drill all tha way 
through the fitting or you'll 
ruin it for our purposes. ‘You 
only need to enlarge the 
bore to a depth of about 
3/16 inch. 

ideally, the internal 
bore of the coupler, 
including the extension, 
should be 1/4 inch 
throughout its length. It's 
possible that the 
manufacturer may have 
restricted the passage 
inside the coupier Figure 14.9 
somewhere along Its Components of he transistors shell 
iength, or a tiny gob of 
scider may have intruded 
into the bore whan you saldered the brass extension into place. Tha 
solution fs to run a 1/4-drill bit through the entire bore of the coupler, 
from one end to the other, to ensure smocth passage. 

With the pedastal-clamp complete, it must be Installed in the 
transistor shell, | located the center of the floor of the shell and drilled 
@ 7/16-inch hole alt the way through. | inserted the pedestal-clamp 
assembly through that hole, so that the extension paints into the 
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intenor of the shell. | soldered the assembly into placa from the outside 
of transistor. See figure 14.12. 

Next, | drilled two holes into the side of the transistor to 
accommodate the emitter and collector electrodes. The holes 
measured about 6/32 inch In diameter. and were located 180 degrees 
apart, 1/4 inch up From the floor of the tranaistor’s housing. 

The emitter and collector electrodes are "Z"-shaped, and were 
fashioned from 1/32-Inch copper tubing. Tubing of this type is available 
at hobby stores. Solid copper wire of a similar diameter could probably 
have been used to equal 
effect 

If you study figure 
14.13, you'll see how the 
electradas are fittad into tha 
transistor body. The head of 
aach “Z" is auspendsd over 
ine e@xtansion tising from 
ihe pedestal-clamp. The 
body of the "2Z” descends 
into the transistor housing. 
The foot of each "2" 
projects through Its 
respective hole in the side 
of the housing and serves 
as the terminal through 
which electrical connections 
will later be made. 

The body of the 
transistor ig, of course, 
conductive. [n fact, it is 

Figure 14.10 used a8 an electrical 

Tha pedastal connection to the 

gammanium die itself. it 

stands to reason, then, that the emitter and collector electrodes cannot 

be allowed to touch the housing ar pedestal-ciamp at any point along 
their length. 

To address this concem, | employed glass beads, which were 
secured from a craft atore. Numerous beads were threaded onto the 
émitter and collector electrodes before they were bent into the “Z’- 
shape. A tiny drap of hobby cement was used to seoure the beads 
precisely where | wanted them. Figure 14.13 shows how these beads 
were put ta good use. Note that each electrode is centered in the hole 
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where it exits the transistor, and is thereby insulated from !t, by a black, 
glass bead. 

The electrodes may be well insulated by the beads, but at this 
stage, they're not really secured to anything solld. To anchor tham and 
make the transistor, as a whole, rigid and stable, | used a slow-aet 
liquid epoxy. | mixad up the epoxy per the manufacturer's instructiona, 
and poured it Into the housing until the level rose to within an 1/8 inch 
of the open end. | allowed it ta cura for a full 24 hours. 

The cat's whiskers in The Plumber's Transistor are made from 
phosphor bronze wire. | have no doubt that such wire is available 
through mail order, or perhaps on the Web. Luckily, | had a handy 
source of my own, as | play guitar. My acoustic guitar strings have a 
steel core, but are made thicker by a wrapping of fine, phosphor 
bronze wire. Strings grow “stale” and lose their brilliant tone as they're 
played, So I'm always replacing them. The timmings from a fresh set 
of new stings provides enough clean wire for hundreds of transistors. 
if you're nota player, you might still consider a music stare as a source 
of small quantities at phasphor bronze. 

The outside diameter of the guitar string | used was 0.026 
Inch. The phosphor bronze wrapping, unwound from the steel core, 
measured 0.007 inch. 

When removed from the steel care, the bronze wire has a 
pronounced ripple to it, which can de rekeved by placing it under 
tension and raking it across the edges of a screwdriver. | placed a 
sample of the straightened wire on a piece of smooth steel and used 
asmall hammer to flatten it. The resulting ribbon was probably half the 
original wire’s thickness. 

Two pieces, cut from the bronze ribbon, musi aach be 
sharpened to as fine a point as possible. A strip of emery paper glued 
to a popsicle stick makes an effective file. Once the whiskers were 
sharpened, | used tweezers and surgical forceps to bend them Into 
their required “L"-shape. In this case, each lag of the "L" measured 1/4 
inch, or just under. Eye loupes are inexpensive, but indispansable for 
inspecting your work and gauging your progress. A loupe with 4X 
magnification /s perfect. 

Next, the whiskers had to be attached to the emitier and 
collecior electrodes. Figura 14.14 shows the basic idea. Liging a hot 
ron and a dot of soldar, each whisker was tacked to its respective 
electrode wire. Tha whiskers were oriented so that their sharpened 
paints were centered over the open mouth of the padastal-clamp’s 
extension tubs. 
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Using tweezers, | picked up the brass pin and germanium 
crystal. previously removed from the 1N34 diode, and Inserted it in the 
hola at the end of the pedestal rod. If you're lucky, friction will hold the 
pin in place. Solder may be an option, though In my transistors, | took 
the more sophisticated route of installing a tiny set scraw. | inserted the 
crystal pin, tightened the screw, and locked It into place. 

The pedestal, with the attached crystal, was inserted into tha 
pedestal-clamp, and pushed haltway Into the body of the transistor. | 
threaded the campressian collar onto the rod, folkowed by the 
compression nut, and 
tightened it lightly by hand. 

| should mention 
that plain compression 
collars are too rigid for this 
application. It takes far too 
much torque on the 
compression nut to cause 
the fitting to grip the 
pedestal rod. Often, when it 
finally does, the act of 
tightening the nut causes 
the pedestal itself to move. 
This is net good. 

A simple 
modification takes care of 
the problem. Using a hobby 
grinder fitted with a small 
cutting whaal, | cui through 
the collar at one spot, 
changing Its closed "O'- 

Figure 14.11 shape Into a nearly closed 

The pedestal clamp °C". The modified collar 

grabs the pedestal rod 

securely, requiring litte torque on tha compression nut to do it. It also 
cured the problem of “creep” In the rod ag the nut waa fightened. 

The final assemadly step involved the adjustment of both the 
pedestal rod and the cat's whiskers. The whiskera mustbe twaaked 6a 
that their points rest Armly on the face of the germanium crystal. 
roughly normal to Its surface. The whiskers must lia about 0.002 inch 
apart, and cannat be allowed to touch each other. By keosening the 
compression nut on the pedestal-clamp and sliding the pedestal rod 
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inward, | was able to bring the crystal into contact with the whiskers, 
and adjust the relative pressure undarwhich the germeniumis probed, 

When assembly was complete, and all adjustments had been 
made to my satisfaction, | popped the cap on the transiaior housing 
and closed it up. 

While this completes the mechanical assembly, the transistor 
must be electrically tasted, characterized, and if necessary, adjusted. 
This is most easily accomplished with Turner's test setup, reproduced 
In figune 14.15. Basically, the circuit requires two ammeters, two 
switches, and two batteries, 
One battery is 1.5 volte. A 
single common flashlight 
cell will suffice. The second 
battery is a 45-volt supply. 
Five 9-volt batteries, wired 
in sanes, will produce the 
necessary voltage. 

To hegin the 
characterization, wa must 
first identify tha transistors 
terminals. The coppar 
housing, which providas a 
conductive path to the 
germanium dia, becomes 
the basa. The emitter anc 
collactor electrodes. 
however, are not yet 
identifier in any conclusive 
way. What | mean te say is 
that the emitter electrode 
may, in truth, be the Figure 14.12 
collector, and vice versa. Transistor shell and pedestal clamp 
Therefore, for the first stab 
at characterization, the cholce of which is which is purely arbitrary. 

Before engaging in Tumer's proceas, | like to use an 
ohmmeter to measure the resistance between the emitter and collector 
electrodes. If thia value is low, it probably means that your cat's 
whiskers are touching each other. Readjust and retest the whiskers 
before you proceed. 

Assuming that the emitter and collector whiskers are properly 
spaced, the first step in the testing process is to close S,, leaving 5, 


dd 

i 

” 

E 
sf 
q p 
xe 
H2 
xe 
» - 
i; 

bd 

“ e 


Paga 243 


open. Refar to figure 14.15. Turner reports that the emitter current, as 
Indicated by M,, should be on the order of 0.02 amp or less. 

Next. S, is opened. S, is closed, and the collector current is 
measured by M,. Turner states that it should not exceed 0.0005 amp. 
This value can be used iater to help quantity the transistor's ability to 
amplify, $0 it should be recorded on e@ sheet of paper with the 
designation "I," 

In the real world, one of the above measurements are often 
190 high. If either the emitter or collactor current is in excess of the 
suggested values, the first 
trick is to swap the emitter 
and collector terminats anc 
repeat the two tests. If the 
measured values suddenly 
fail Into the appropriate 
ranges, this means that 
your initial guess at which 
electrode was the emitter 
and which the collector was 
in error. | used a dot of ink 
ta permanently mark and 
identify the correct emitter 
and collector terminals. 

In the avent an 
emitter‘collector swap falls 
to address an over-current 
condition, the problem may 
lie with the regions of the 
die on which the ¢al’s 

Figure 14.13 whiskers rest. The solution 

Using globes beads as insulators fo prevent lg to loosen the pedestal- 

electrode wires fram conlacting the pedestal «= clamp, draw the crystal 

clamp and wall of the transistor’s shall away from the whiskers, 

rotate it a few degrees, and 

then bring the crystal back into contact with the whiskers, This will 

present a fresh surface to the electrodes. Of course, it becomes 
necessary to repeat alt of the prior elactrical teats. 

Assuming all has gane well, the final test in Turner's process 
is to close S,, leaving S, clased from the previous step. The reading on 
M, will probably rise to a new value, which should also be recorded, 
and designated “I,” 


pee tt ae 
we ; 


E 
{ 


Page 244 


End Results and Going Further 


In judging the merit of each of the amoalifiars we've explored 
thus far, our practice has been lo compare the ampiifier's output to its 
input. By dividing the latter inte the former, we arrived at a ratio which 
describes the armplifier’s ability to regenerate and magnify input 
signals. As you recall, we referred to that a6 gain. 

A simple gain calculation presupposes that the type of 
measurements made te the 
output side are the samme as 
the those mada to the input, 
in order thatthe comparison 
be meaningful, i.e€., volts to 
volts, amps tO amps, or 
whatever. 

Whaean we 
considered tha Vative 
Triode, wa noted that the 
outpul was expressed in 
terms af currant, while the 
input was measured in 
volts. We can't use these 
numbers to compute gain in 
the usual sense. 

The ratio of output 
current to input voltage was 
called mitual conductance. 
It wasn't the same thing as 
gain, though we 
demonstrated that galn Figure 14.14 
could be computed on the Installation and placament of whiskers 
basis of It 

To an extent, Tumers hookup mimics the conditions we saw 
with the thermlonk trade. The output of the transistor, like the triode, 
is Clearly expressed as a change in currant. The inputte Turnar’s setup 
ig 8 1.$-valt battery, which is either on or off. The inpui for Tumer’s 
configuration, like the input for the triode, is a voltage. So, like the 
triode, we can use current and voltage values to compute mutual 
conductance. From mutual conductance, we may later compute gain. 

Te compute mutual conductance, Turnér used the equation in 
figure 14.16. The phrase “(I,-1,)" represents the change in collector 
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current es the emitter battery is switched on and off. The "1.5" vaiue 
reftecis the change in emitter voltage as &1 is opened and closed. 
Obviously, the emitter voltage is 1.5 volts when the switch is on, and 
0.0 volts when it's off. The change in voltage is thus (1.5 - 0.0), or 1.5 
valts in the denominator. 

You may have noted the term frensconductance, a phrase 
Turner uses In lieu of mistual conductance. In reality, the two mean 
precisely the same thing, its just that the latter is now more 
fashionable. 

Transconductance actually has @ unit associated with it, the 
Inverse ohm, or mhe. The 
higher the 
tranaconductance value, 
the greater the transistors 
potential as an instrument 
of amplification. Turmer 
claimed to have achieyad 
transconductance values as 
high as 6,000 micromhos 
{miilionths af a mho), with 
1,000 t& 3,000 being 
typical. Data from a 
construction article by C. E. 
Atkins implies his best 
came in at about 3,000. My 
personal experience in this 
regard has been mixed. I've 
built a fair number of 
nonfunctional transistors, 
and a few that reached 

Figure 14.15 2,800 micromhos. 

Tumer's lest circuil Like any other 

transistors, the  point- 

contact devices made by this and similar mathods have operating 

Parameters that must be considered. IF voltages or currents are applied 

to it In excess of those limits, the transistor Is likely to be damaged. 

The good news is that, since it's a homemade devices, it can be 

dismantled, readjusted, and placed back into service. A given piece of 

germanium will suffer a fair degree of abuse befora it’s so degraded 
that no useable surfaces are left for your use. 

Nonetheless, Helsdon quotes some yalues that are worth 
keeping in mind as you tinker. DC voltages, applied ta the collector, 
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should not he greater than -30 volts with respect to the base. AC peak 
voltage should not exceed -80 volts. The collector current should be 
less than -10 milliamps, and tha maximum power dissipated by the 
collector should be limited to something under 50 milliwatts. 

Noteworthy results can ba obtained following the guidelines 
above, though It's possible to enhance the amplifying qualities of the 
transistor even further, This requires special teatment of the collector- 
basé junctian with a fachnique known as forming. 

Forming is largely a thermal process. In a nutshell, a brief 
high-currant pulse ia delivered to the junction, which causes localized 
heating. The heating contributes to ihe development of the P-type 
region under the collector whisker. Once again, the references | have 
differ in their explanation of what, precisely, occurs. Some imply that 
the heat causes changes in the N-type crystal. Others suggest that, in 
the case of phosphor 
Bronze whiskers, 
Phosphorus atoms actually 
migrate into the 
germanium, theraby doping 
ii. In any event, there's no 
disagreement that forming 
impraves the point-contact 
transistor's ability ta 
amplify. 

Forming is a tricky 7 — 
process, where gure 14. 
carelessness can lead to eames =" ecadaea 
complete destruction. 

Figure 14.17 shows the 

schematic for 2 forming rig composed of a switch, a capacitor, a 
resistor, and a power supply consisting of a stack of 8-volt batteries. 
When the switch is In the “Charge” position, current is applied to the 
capacitor through the curranttimiting resistor, “R." The capacitor will 
accumulate & charge until its voliage matches the voltage of the power 
supply. When the switch is thrown into the “Form” position, the charge 
stored in tha capacitor is rapidly dumped into the collactor-hase 
junction. The forming process halts when the capacitor is completely 
discharged. 

Helsdon's regimen for forming junctions is attributed to an 
R.C.A. Review article by B. N. Slade entitled “Factors in the Dasign of 
Paint-Contact Transistors” (1953). | haven't seen the article myself, but 
Heledon implies a circuit similar to figure 14.17, In which the chosen 
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capacitor is 0.001 microfarads. The power supply is set ta 80 volts or 
so. The capacitor is repeatedly charged and then dumped into the 
collector-base junction. Each time capacitor is recharged, the supply 
voltage ig raised another 20 volts. The total supply voltage is 
eventually raised to 300 volts. 

Once this sequence of voltages is completed, the capacitar Is 
replaced with a larger value, say 0.005 microfarads. The forming 
voltage is retumed to 80 volts, and the entire sequence Is repeated. Ag 
pach subsequent cycle is cammpleted, the capacitor value is increased, 
until it reaches a value of 0.1 microfarads. 

As lve already 
said, it's quite easy to 
destroy the junction in an 
attempt to improve it, so it 
pays to monitor your 
progress as the forming 
process continues. After 
every application of current 
to the junction, Heisdon 
suggests testing it with an 
ohmmeter. The forming 
process ghauld be halted 
when the junction 
resistance is lass than 
30,010 ohms with no 
voltage applied to the 
amitter. 

So what can you do 
with the Plumber's Point- 
Contact Transistor? 

Figure 14.17 Apparently, quite a_ bit. 

A Junction forming rig Helsdon's article discusses 

the application of 

hamemade point-contact transistors, similar to mine, to sawtooth 

generators, audio oscillators, receiver circuits, and audio amplifiers. He 

cites a single-stage amp, following a simple crystal receiver, delivering 
a power gain of 20 to 1. 

Atkin’s artide actually included two schematics, one for an 
experimental ampilfier clrouit, and one for an oscillator. Bath were 
based an his homemade transistors. Reportedly, tha amplifier 
produced a power gain of 10 to 1. The oscillator ganerated alternating 
currents with an amplitude of 15 volts, ranging in frequency from 20 ta 
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Figure 14.18 
Point-contact transistor clreuRe—an amplifier and an oscillator 


100 kHz. These circuits are represented in figure 14.18. 


Still More Ideas 


Phosphor bronze seems to be ihe preferred material for cat's 
whiskerg, being mentioned in numerous books and other references. 
On the otherhand, both Turner and Aikins demonstrated that tungsten 
performs equally well. It waa interesting to find at least one reference 
to beryllium copper wire, used specifically for the emitter whisker. It's 
unclear 10 mé what advantage this material is supposed to hava 
offered, but if you're interested, its easy enough to obtain and 
experiment with. 

The quantity of copper beryllium wire yau need to bulld a 
transistor is 50 small that It probably doesn't warrant purchasing a 
spool of it, presuming you can find somebody who sells it. Salvage 
may be a better option. f you know where to took. The cabinet panets 
on old computer or communications equipment sometimes feature 
springy metal “fingers” ortines, which are intended to provide electrical 
continulty hetween surfaces when the cabinet is assembled. If they're 
thin, copper colored, but highly elastic, the linea might be fashioned 
fram beryllium copper. Another place to look is inside ald electronic 
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cannectors, sockets, or switches. Again, look for small metallic parts 
that appear to be copper, but are very flexible. It has cocurred to me 
that ald, broken panel meters may be an excellent source of whisker 
material. Most meters ve seen contain a spiral-wound hairspring, 
which serves the dual purpose af passing current bo the coil that 
moves the needle, and returning the needle to the zero position when 
the current is removed. While | have not confirmed this, | strongly 
suspect that the springs in at least some of tha meters I've 
disassembled ars made of a beryllium copper ailoy. 

I've already discussed the process of cutting, shaping. and 
sharpening the cat's whiskers. Tha same will have to bs dons to any 
sample of beryllium copper you happen find, which means you'll 
yesnerate shavings, filings, and dust. You should be aware that 
beryllium, in its pure form, is harribly destructive to lung tissue. 
Knowing this, | searched tha Web looking for an MSDS sheet on 
copper allays containing beryllium. My conclusion is that there's litte 
risk using it for the purposes described in this book, though I'd 
probably wear a dust mask, and perform any shaping, sanding, or 
soldering operations outdoors where there’s plenty of fresh air, 
(Undoubtedly, I'm being overly cautious, but | see no harm in that. In 
general, | advise all af my readers to inspect the MSDS sheets on any 
material they might use. Please render your own decisions.) 

The ceramic package 1N34, on which the Plumber's Point- 
Contact Transistor is based, has long since hecome obsolete. One 
would think them difficult to find, though I've had little difficulty locating 
pieces here and there. In fact, even “burned out" samples of the 
vintage 1N34’s, useless to anyone else, are just fine for transistor 
construction purposes. 

Of course, the supply of available vintage 1+N34's will 
eventually dry up. While you're loaking for them, keep an eye out for 
1N21’s, 1NGO's, OG1's, CG4's, Transitrons, or other diodes from that 
period. I've even played a bit with modern germanium diodes. 

Sadly, modern diodes are more difficult to work with, because 
they're sealed in clear glass beads, which must be crushed ta extract 
the germanium. Needless to say, the crystal is at risk throughout the 
procedure, As well, diode manufacturing has become mich more 
efficient, so the amount of germanium used per diode has shrunk to 
the smallest possible quantity. This means that eryatais removed fram 
modern diodes make exceedingly small targets on which to align twa 
cat's whiskers. | actually purchased a stereo microscope to aid me in 
manipulating tiny parts, and have found it indispensable. In addition, 
Heisdon suggests that more modern diodes may have been “treated™ 
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to processes that enhance their performance as diodes, but make 
them unsuitable for use in experimental transistors. If your transistor 
fails fo work proparty, you may need a different sample of germanium. 
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Chapter 15 
The Cuprous Oxide 
Transistor 


transistor marked the beginning of a new age in 

electronics. Yet, despite the real advantages that It 
offered over comparable thermionic amplifying devices, in the and, it 
rapreasnted a fairly short-lived technology. Paint-contact transistors, 
like vacuum tubes, have shortcomings of their very awn. 

if you've endeavorec to racraate the experiments in the last 
chapter, you're already well aware that aligning cat's whiskers onto the 
face of a tiny crystal is a delicate business. It's time and labor 
intensive, and not something that lends itself well fo maas production. 
Affordabie technologies demand automation and require the economy 
associated with volume production, 

Once proper assembly and alignment has been achieved, it's 
quite possible to disrupt the pasitioning of the whiskers, and thereby 
ruln the transistor, by subjecting it to shock or by applying heat or 
forsional forces to its terminals. 

Point-contact transistors have significant electrical fimitations, 
foo. As amplifiers, they're noisy devices, so thelr usefulness In real 
high-gain applications is limited. tn addition, point-contact devices are 
not capable of dissipating large amounts of power. Consequently, 
they're suitable for use only in low-power applications. 


fiers doubt, the invention of the pcint-contact 
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Junction Tranalstor Basics 


Point-contact devices may have ushered in a new age, but the 
real revolution in solid-state electronics came with the introduction of 
junction transistors. Junction transistors are much mare quiet In 
operation, they can be engineered to handle relatively large amounts 
of power, and ultimately, thay can be masa produced for throwaway 
pricas, 

While junction transistors have appeared in countless forma, 
the product of an endless variety of manufacturing processes, they all 
share a basic § intemal 
structure. Junction 
transistors dont rely on 
cat's whiskers, but are 
instead built of alternating 
layers of semiconducting 
materials like the junction 
diode described a few 
chapters back. 

Whereas the diode 
consisted of two layers of 
semiconductor material, an 
N-+type and a P-typa, the 
junction transistor is a 
triode. Its built from three 
layers of semiconductor 
material. Figure 15.1 
ilustrates a typical junction 
transistor composed of 
some N-type material 

Figure 15.1 bound on either side by 

4 PHP junction transistor layers of P-type material. 

The leftmost iayer, made of 

P-type material, Is the ernitter for this particular transistar. The middle 

section, composed of N-type material, garves as the transistor’s basa. 

The P-type section at the far right of the sandwich is the transistor's 

collacter. A transistor of this type ia referred to as a PNF transistor. The 

“PNP" nomenclature gives us an indication of the typs and 

alrangement of samicanducting materials in the tranaistor. {For the 

record, it's possible to shuffle things around to produce an NPN 

‘transistor. In fact, most modem junction transistors are NPN devices. 

For the sake of uniformity, we'll stick with the PNP devices for the 
moment.} 
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The specific details behind the operation of tha PNP junction 
transistors differ somewhat from those of the paint-contect transistor, 
but the general idea is the same. As we'd expact, in normal uae the 
cojlector-base junction is reverse-blased. This means that by default, 
no charge carriers are avallable to croas the collector-base junction, so 
no collactor current can flow. The transistor is considered to be 
switched “off.” 

When a positive voltage is applied to the emitter, the emitter- 
base junction ie forward-biased, As a result, holes are injected inte the 
emitters P-type material, where they rapidly migrate toward the P-N 
junction formed by the emitter and base. 

The holes cross the junction into the base's N-material. The 
base is purposefully engineered to be physically very narrow—so 
narrow, in fact, that most of the holes have no probiem wandering 
through the base right into the collector, (The collector, of course, Is 
negatively charged, so it happily attracts and welcomes thase hales.} 

The appearance of charge carriers In the collectar(in the guise 
of injected holes} allows a current to flow through the collector-base 
junction. The transistor is now “on.” 

At ihe risk of being repetitive, we can say that the device 
amplifies because tha magnitude of the current in the collector circuit 
can be contolled by adjusting the quantity of holes injected into the 
emitter. 

While we'rs on ihe subject, note that the dominant or majority 
charge carrier in the PNP devices is the hole. In the NPN transistor, 
where the semiconductor types have been reversed, electrons are the 
majority carrier. 


Ths Cuprous Oxide Transistor 


Homebrew construction of junction transistors does not appear 
to be feasible, at least not the fabrication of germanium devices. Uniike 
the case with point-contact transistors, | was unable to find any 
references to the hamebrew fabrication of junction transistors. | fear 
that the nature cf the tools, materials, and techniques probably lise well 
outside of the scope of all but the most fanatic of amateur scientists. 

Just the gama, inresearching the subject, | began to daydream 
aoout altemative materials that might be used for transistor 
construction—materials more commonly available, or more easily 
created. 

In the 1920's, L.O. Grondahl and P.H. Geigar introduced a 
diode composed of a copper plate coated with a thin layer of cuprous 
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oxide. The plate formed the negative terminal; the coating, a positive 
terminal. Theaé junctions could be manufactured in large sizes, which 
translated into the useful ability to handle targe currents. 

It occurred to me that it might be possible to arrange copper 
and oxide layers into the now-familiar PNP sandwich, thereby 
producing (I hoped} an instrument of arnplification. 

| read, pondered, and tinkered. In the end, my preliminary 
expenmenis didn’t result in what ('d consider a practical amplifier. In 
fact, calling it a “transistor may represent some artistic license on my 
part. On the other hand, the results were encouraging enough that they 
probably warrant further experimentation. Lat me shaw you what | did. 


Producing a Layer of Oxide 


The first step toward testing my idea was to learn how to 
create the necessary oxide layer on a copper surface. The procass is 
not overly difficult, but it was not as easy as | had first imagined. 

To bagin with, copper can combine with oxygen to produce 
two different fonns of oxide. The first is cupric oxide, formula Gud. As 
You can see, each molecule is composad of a single copper atom 
combined with a aingie atom of oxygen. This substance is black in 
appearance, it’s unugeable for our tranaister application. 

Anather farm of copper oxide is called cuprous oxids, formula 
Cu,0, Note that the cuprous oxide molecule cantains two atoms of 
copper for every atom of oxygen. It has a deep salmon color. This is 
the material from which coppar/copper oxide PN junctions can be 
created, 

Preliminary research on the gubjecttumed up a booklet written 
by Walt Noon, entitled How to Build a Solar Cali That Really Works. 
In it, Noon describes 2 process for building a cuprous oxide—based 
solar cell. As you may or may not know, solar cells are simply PN 
junctions that can produce a voltage on exposure bo light 

Mr. Noon's process for producing a cuprous oxide layer Is 
simpla. Ha starts with a copper sheet, which Is vigorously scoured to 
remove any visible contaminants. The copper Is then etched in a nitric 
acid bath composed cf 20 parts nitric acid ta 80 parts distilled water. 
(Warning: AWways add acid to water, not the other way around!) 

The cleanad sheet is then heated over the flame of a Bunsen 
bumer or propane torch. The copper is heated on one side only, until 
it's rad hot. It's kept at the racd-hat temperature for just under three 
minutes. 
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The plate is then removed and allowed to cool slowly. By the 
end of the process, the unheated side of the plate nas become 
blackened. This black pigment is cupric oxide. Just beneath It, 
however, is the desired layer of cuprous oxide. To remove the cupric 
oxide, while leaving the cuprous layer intact, Noon immerses the plate 
in nitric acid once more. This eats away the black oxide. The plate ls 
removed, rinsed, and buffed lightly. 

Obviously, completing Noon's scolar cell requires acditional 
steps, but those weren't relevant to my cbjactive. | thought | 
understacd the cxide process well enaugh to attampt to build my first 
transistor. 


A First Attempt to Create a PNP Structure 


My idea for a homebrew junction transistor was a PNP device 
comprised of a metal copper base, coated on either side with cuprous 
oxide. One coating would become the emitter, the other side, the 
collector. 

The base of my transistor wae fashioned from a piece of 
clean, soft copper sheet 
with a nominal thickness of 
0.025 Inch. Using fin snips, 
| cul out @ piece about an DIMPLE 
inch long and a halfinch 
wide. 

While = 0.025-nch 
copper makes for a nica, 
figid substrate on which to 
build @ transistor. the 
transistor’s operation 
depends upon the migration 
of charge carriers through 
the base. Given what I'd 
learned about electrode 
spacing in the paint-contact 
transistor, | suspected that 
my base material might be 


far toa thick. ——<REARINGS 
To ramady this, | hit 
upan the idea of dimpling 
: f Figure 16.2 
the copper sinp from either Dimpling Ihe eget chase fo creole a lhin base 
region 
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side to create a local ragion in the copper where it would be 
axceedingly thin. 

Dimpling can bs done with a hammer and a pair of chrame ball 
bearings. | placed the first bearing upon the surface of a piece of scrap 
wood, I set the copper strip on top of it, then the second bearing above 
that. | struck the entire stack with the swift blow of a hammer. The 
result is depicted in figure 15.2. The thinner the layer separating the 
two dimples, the better off you are. Make sure you wear eye protection 
In case one of those bearings zips out sideways and launches for the 
moon. 

Next, | fied tocoatboth sides of the dimpled strip with cuprous 
oxide. | follawed Noon’s process as well as i could. 

For testing purpases, each Junction in the transistor, the 
emitter-te-base, and collactor-to-base, can be thought of as 4 separate 
diode, With a digital multimeter, | tried to assess the condition of the 
coatings, measuring conductivity under forward-biased and reverae- 
biased conditions. To my dismay, all readings indicated a direct short 
circuit. The process had failed! 

| repeated the procedure again and again, sach time testing 
the end results. Only one in thirty-two attempts yiekied a single PN 
junction on even one side of the base. | was never able to create a 
useable oxide later on both sides. 


& Second Attempt to Create a PNP Structure 


Back at tha drawing board, | camé upon a reference to 
cuprous oxide in Martin and Hill's Manvel of Veeuam Practice, Without 
going into excruciating detail, suffice itto say that it and a great deal of 
subsequent tial and error resulted in a modified coating process that 
now works very Well, 

My process, ike Mr. Noon's, begins with mechanical cleaning 
of the dimpled copper substrate. Scouring is okay, but avoid leaving 
significant scratches on the surface of the metal. My copper strips were 
then bathed in a strong solution of lye {drain cleaner) to remove oilié 
and other organic residue. The strip was well rinsed in cistiled water. 

The strip was then etched in acid, followed by ancther rinse 
with distilled water. In my case, | used Aydrochiaric acid instead of 
Noon's nitric. { found nitric acid somewhat difficult to come by. | know 
of no local sources, while hydrochloric acid {commonly called munatic 
acid) is available at any hardware store or seller of pool maintenance 
supplies. 
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(Consider this too: A good reason to use locally availabla 
chemicals in liau of more exotic substances is rooted in our nation's 
“war on drugs” and now the recent terrorist attacks suffered in New 
York City and elsewhere. You can order nitric acid and other chemicals 
through the mail, but for better or worse, sales to individuals have 
come under a great deal of scrutiny. Some supply houses won't deal 
with individuals ai all. The danger, of course, is that the innacent 
purchase of chemicals or equipment by the science enthusiast may be 
interpreted as the purchase of raw materlais for a bomb or bathtub 
pharmaceutical. Big Brother fs watching.) 

The next step in my process is ta heat the copper. My 
technique relies on an electric hotplate or stove burner whose colls are 
set toa dull rad glaw. | stopped using propane when | realized that the 
producis of combustion In the flame can contaminate and ruin my 
oxkie coatings. 

Using clean tweezers, the copper strips are placed on the 
hotplate, but only for @ brief morment. The copper is quickly removed 
the instant that its shiny surface begins to take on a faint blueish tint or 
hue. 

The copperis then plunged into a saturated solution of sodiamn 
tetraborate decahydrate, commonly referred to as borax. Look for it in 
your local grocery store among the laundry detergents. To make the 
necessary solution, take a clean beaker or mason Jar, fill It with distilled 
water, and then begin adding borax. Stir the mixture to help the 
powder dissolve. Continue to add more borax until the solution will 
hold no more. At that point, crystals will ramain on the floor of the jar 
no matter how much the mixture is stirred. 

Following the borax dip, which need only lasi an insiant, the 
copper strip is returned to the hot plate, and this time heated to a dull 
red glow. Leave it there a minute or two, then remove it and immerse 
itin distilled water. 

At this stage, the copper should be well coated with black 
cupric oxide. Using tweezers, dip the copper into a beaker of 
hydrachioric acid, immediately followed by immersion in distilled water. 
Repeat the acid dip, then the water. After two or three iterations, the 
black oxide will melt away, leaving a beautiful, dark, thick layer of 
cuprous oxide. Don't be too aggressive with the acid dip, aa it's quite 
possible to etch away and damage tha cuprous oxide as wall. 

Using my revised technique, and tasting the PN Junctions with 
my meter, | found that one in two of the processed copper strips had 
at least one good PN junction on it. About one In ten had useable 
Junctions on doth sides. This, of courae, was the objective. 
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Figure 15.3 
Exper|mental cuproux oxide tranaistors, 
Model } on the lefl, and Model I) on the right 


| have another trick worth mentioning. If the copper basa strip 
is made just a little longer than necessary, the added length can be 
bent aver to form an “L" or apen “V-shape. This offers two 
advantages. Tha foot of the “L” can be used as a handle by which to 
manipulate the copper during processing. This minimizes the patential 
Tor contaminating the surfaces you intend to oxidize. 

Second, the foot will allow you to set the copper strip on edge 
when placed on the hot plate. Heating the copper on edge asgures that 
neither face will be contaminated by direct contact with impurities an 
the surface of the hot plate. Later, when all of your processing is 
compiete, the excess length of coppar, the foot If you will, can be 
snipped off. 


Building Model | 
Once | had a good PNP structure fabricated, the remaining 


work in constructing my transistor was mostly mechanical in nature. 
The end result can be seen in figure 15.3. 
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The foundation for 
my transistor was a black, 
rubber stopper, about 7/8 
inch in diameter. The 
stopper fit into a short glass 
testtube—like vial, which 
had previously served as a 
water bottle for a hamster. 
The glass tube makes a 
Suitable enclosure to 
protect the device from 
dust, moisture, and 
mechanical damage. 

Three pieces of 
1/32-inch brass rod were 
forced through the stopper. 
One passed through the 
approximate center of the 
stopper, and tha other two 
were placed equally to 
either side. These rods 
form the terminals for the 
finished transistor. 

To keep the brase 
rods focked In the rubber 
and free from unintanded 
mavement (particularly 
rotation), | fabricaiad some 
email hook-like piaces 
which were inserted in the 
rubber near each electrode, 
and then scldered to them. 
Figure 15.4 clarifies this 
detail. 

The center 
slectrode not only serves as 
the transistor’s base 
connection, But also the 
mechanical support for the 
PNF structure } had 
created earlier. To prepara 
the copper strip far 
mounting, | used a pick io 
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Figure 15.4 
The transistors foundation and suctrodeas 


Figura 15.5 
A culaway view of the completed device 
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scrape away some oxide near one end. | tinned that area with a shiny 
dot of solder, and then soldered the atrip to the center electrode. 

The last step toward completing the transistor is to connect the 
emitter and coilactor electrodes to their respective P-typeijayers. While 
the method for making the connection is simple, the effort | expanded 
to arrive at the solution was not. Before you continue reading, | 
challenge you te consider, for just a moment, how you might 90 about 
ik 

in the and, | made the connections using 0.003-Inch copper 
wire. | harvested these hairilke conductors by picking individual strands 
fram a thicker piece of flexidie, stranded wira. 

On the emitter side, | wrapped a few iurns of the fine wire 
around the tip of the brass emitter electrode and then soldered the 
connection. | terminated the free end of the strand with atiny loop, and 
then, using a toothpick, | guided that loop to a dimple in the PNP 
structure. 

The copper strand was actually bonded to the cuprous oxide 
layer with a tiny drop of silver-bearing ink, applied with another 
toothpick. Silver-bearing ink is a conductive fluid used for repairing 
circuit boards. The ink is sold in a special applicator pen. My ink was 
manufactured by Chemtronics. 

When the Ink dot was dry, | repeated the process on the 
callector side. Finally, { Inserted the transistor into Its protective glass 
tube. Figuré 15.5 Is an exaggerated cutaway view of the complete 
translstar assembly that should answer any lingering questions. 


Building Model | 


The mechanical construction of the Model Il cuprous oxide 
transistor is similar to that of the Model |, including the rubber stopper, 
electrode wires, and vial. The Medel Il differs from the Model | in the 
form of copper used to fabricate tha PNP sandwich. 

inthe Model I version of my cuprous oxide transistor, i dimpled 
a 0.025-inch copper stip as a means by which to reduce the thickness 
of the transistors base region. fhe idea is a good one, though | 
discoverad some problems with it. 

| suspected that the results of dimpling were prabably not 
uniform from one copper atrip to the next. Put another way, it's nésd to 
Impossible to enaure that every swing ofthe hammer!s identical. Since 
I didn’t have a conveniant means by which to measure the end result, 
tha process became inherently uncentollable. 
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In addition, like 
many soft metals, copper 
hardens and becomes 
more brittle as itis worked. 
You may have observed, 
for example, that a soft, 
bendable iength of 
paperclip wire will 
eventually stiffen and 
fracture if repeatedly bart 
and straightened, 

Under the 
microscope, there's 
evidence of tiny cracks in 
the floor of the dimples, 
which | attribute to localized 
hardening as the metal is 
deformed under the 
Pressure of the ball 
bearings. The effect of 
these cracks was to cause 
a short circult between the 
amittar and coltector of the 
transistor, thus ruining the 
structure. 

| contemplated how 
| might eliminate the 
dimpling process. The only 
way, | concluded, was to 
find copper sheet that was 
already the desired 
thickness. This, | found in 
the form of copper foil, 
measuring 6.082 Inch. 
Copper foll Is frequently 
used as a shielding material 
to protect delicate 
electronics from the 
influence of external noike 
sources. It is readily 
available from a vanety of 
sources. 

( cut strips from the 


Figura 15.6 
Details of the copper foll base and Its 
suppor hoop 


Figure 15.7 
Cutaway of the complet Model Il 
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| would invite you to build a version of the cuprous oxide 
transistor of your very own. It seems quite possible that such a device, 
carefully constructed and in the cantext of appropriate valtages, may 
demonstrate useable galn. 

| have @ few parting thoughts on the subject of hamebrew 
transistors; Cuprous oxide seems ta disintegrate an prolonged 
exposure to air. Moisture may play a part in this, or perhaps the 
cuprous oxida binds with oxygen fram the air to deganerate into cupric 
oxide. 

in either case, it pays to protect it as much as possible. One 
way to shield the oxide is to coat it with a barrier or film af some type. 
A drap of cyanoacrylate smeared across the surface of the oxide with 
a toothpick forms a tough, transparent skin that doesn't seem to affect 
the chamistry of the oxide Itself. Pernaps clear nali polish or laquar 
would achieva the same end, though | can’t vouch forthis, a5 | havan’t 
tied tham, 

It should go without saying that any protective coating 
shouldn't be applied until all cannectians have been made to the PNP 
structure, and their electrical intagrily verified. 

A curve tracer is an extremely useful insirument to have when 
doing this type of work. | was fortunate enough to receive my §75 as 
a gift. Used curve tracers can be found at ham fests and Internet 
auction sites. New models are atill in production, though they can be 
Very expensive. One alternative is to build your own. A simple curve 
tracer circuit, courtesy of Kazuhiro Sunamura, appears with his 
permission in Appendix Ill. 

My final thought has to do with the manner in which emitter 
and collector wires are anchored to the face of the oxide. The silver ink 
described sens te work well. As near ag | can tell, there are no 
electrical problems with using it On the other hand, if you'd like to try 
a differant substance with whith to bind the wires to the F surfaces, 
consider metallic indium. 

Indium ig an axtramely soft, almost plastic or puttyike ailver 
metal. Bits of it can be shaved off of an ingot with nothing more than 
a dull knife. A small particle of it can be mashed against the oxide 
surface and rubbed and burnished with a bluntticothpick unt) the metal 
literally smears and sticks to the oxide. Ackditional indium can be used 
to stick an emitter or collector wire to this point of attachment. 

indium is used by the semiconductor industry. Indium pellets 
can be obtained through chemical supply houses. | purchased a small 
quantity, more than | will ever need, as surplus through an Internet 
auction. 
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Chapter 16 
More Semiconductor 
ideas 


involving semiconductors, is by no means exhaustive. In 

fact, the more reading | did in preparation for this book, 
the more interesting ideas | unearthed. | tied to make careful notes of 
the things | found, aither because the concepts had sufficient intrinsic 
value to warrant their inclusion in this book, or because they inspired 
other ideas that t would surely want to explore in the future. The longer 
| worked on this, the larger the scope of this book bacame. 

In the end, however, the voice of practicality must be heard. | 
came realize that, eventually, I'd have to decide when énough was 
enough, and where it made logical sense te conclude this volume. 
Editorial decisions ara never easy to make because, as in the movie 
business, 3amebody’s favorite scene always winds up on the cutting- 
raom flaor. 

This chapter represents a suitable compromise: several 
sections of basic ideas, procesass, and information on the topic of 
homebrew semiconductors. They may lead to the refinement of 
previously discussed devices, or the construction of new ones. In any 
event, | thought them better presented in this format than not at all. 


Ts stable of preceding projects, particularly those 


Homebrew Semiconducting Crystals 


(Ff you want to experiment with homebrew point-contact 
transistors. you can use the purified, coped, and crystallized 
germanium harvested from old crystal diodes. On the other hand, ff 
you'd like to Diaze your own trail, you might consider a sernes of 
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experiments wherein the germanium has Instead been raplaced with 
lead sulfide. 

Galena, the naturally occurring mineral form of lead sulfide, 
was once highly regardad as a material from which to build practical 
point-contaci diades. Personally, | suspect that the first transistor may, 
in fact, hava been bom to some anonymous wireless operator who 
probed his crystals with two whiskers instead of one. 

Galena is not scarce by any means, but good-quality galena, 
electronically speaking, can be hard to find. Galena found in certain 
mines was known to perform far better than the same mineral from 
other shafts. | would guess that certain impurities enhance the 
electrical attributes of the crystal. (Sounds like doping, doesn't it?) 
Argentiferous galena, for example, seems to have been favored over 
other types. 

If you can't get the galena you want, you might try making your 
own, The process Involves heat, flames, noxlous odors, and the 
handiing of lead, but it's not difficult, and not necessarily dangerous If 
conducied aut of doors. 

Ta begin with, you need a source of lead, Fishing sinkers are 
good candidates. | have recovered sizeable quantities of laad from old 
wrist and ankle weights. Sometimes discarded vertical blinds contain 
small pisces of lead, used to add weight. Solder, tire weights. and 
spent bullets are not pure lead, but jead alloys containing significant 
amounts of other metals. ['’m not necessarily discouraging you from 
exploiting these materials, but be warned that they may not work as 
expected. 

The first step is to mek the lead in a crucible. | used a clean, 
2-inch iron pipe cap as a vessel. The cap was propped up on bwo 
bricks, and heated from below with a propane torch. Face protection 
is a good idea in case the molten lead spatters, and of course, you 
want to make sure you're set up someplace with planty of ventilation, 
as far as posgible fram anything that's cormmbustibla. A comer of the 
driveway is a nice, safe place. 

Sulfur must ba added to the lead. Sulfur is available as a 
yaliow powder, You can gat il through a chemical supply house, you 
may find it at the pharmacy, ar you can do a3 | did and purchases il at 
your local lawn and garden shop. Sulfur is used to dust roge bushes. 

| used an old teaspoon to add sulfur to the lead, while | stirred 
the mixture with a charred (carbonized) stick. Be warned, the sulfur will 
probably burst into flames, releasing choking fumes. Keep the bulk 
container of sulfur away from your propane torch, and don't preath the 
smoke that boils out of the crucible. Keep adding sulfur and stirring the 
mix until the lead thickens, clumps and congeals into a black mass. 
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| removed the heat, allowed the crucible to cool, and then 
chiseled out the gunk that I'd created. | pulverized thig matter with a 
hammer, and ground it into particles as fine as | could. 

Next, | procured a 1-ounce piece of silver bullian from a iocal 
coin dealer. At the imme, an ounce of 0.999 percent pure silver ran - 
about six dollars. Using a clean file, | filed an edge of the bullion to 
produce a small pile of silver Allngs. 

Starting with a measured quantity of the powdered gunk 
created earlier, | added additional sulfur and then silver filings to create 
a new Mixture with the ratia of 100 parts gunk to 40 parts sulfur and 3 
parts silver, by weight. 

The tiple mix of powders was dumped into a fresh pipe cap 
and heated on a smail propane burner to a red heat. At the conclusion 
of the process, black crystals of synthetic argentiferous galena were 
found in the cap. | chose the best of these and mounted them in slugs 
of Wood's metal. Wood's metal, by the way, is stilt available from the 
distributors of machinists supplies, under the trade name Carrobend. 


An Unusual Transiator Material 


When i originally introduced the topic of semiconductors, | 
mada passing reference to the experiments of Robert Poaht and 
Rudolph Hilach. in their 1938 paper entitled “Contro! of Electric 
Currents With a Three-Electrode Crystal and a Model of a Barrier 
Layer,” they describe an amplifying device based on a potassium 
bromide crystal, 

While | was unable to locate explicit detalla, Eckert and 
Schubert's book, Crystais, Efectrons, Transistors - From Scholar's 
Study to indusifal Research, offers clues that an enterprising 
experimenter might 5e able to run with. 

Potassium bromide, formula KBr, can be purchased as an 
unremarkable white powder. Among other things, it apparently finds 
application in the field of veterinary medicine for the contro! of 
seizures. Grown into crystals, KBr becomes clear, making it useful for 
specialized optical applications sa well. 

4 bromide crystal, mounted between suitable electrodes, is 
sald ta exhibit interesting properties. See figure 16.1. On application 
of an electric current, trapped electrons cause the formation of a blue 
cloud that migrates through the ¢rystal. Note that the positive terminal 
is essentially a plate, while the negative terminal is point-contact. 
Regrettably, | have no information on the dimensions of the crystal, the 
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Figura 16.1 
Applying a vollage to 4 KBr crystal 


Figure 16.2 
Pohl and Hilsch’s KBr “amplifies” 
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compesition of the 
electrodes, or the applied 
voltage required ta produce 
the effact 

Figure 16.2 depicts 
what | know of Poh! and 
Hilsch's instrument of 
amplification. The bedy of 
the device was a KBr 
crystal with a point-contact 
at one end, and a plate 
electrode at the other. 
These can be likened ta the 
thermionic triode’s fllament 
and plate, respectively. An 
excerpt from Hilsch’s 
laboratory notebook, 
reproduced i=in 
Eckerv/Schubert's book, 
seems to imply that the 
plate voltage on the crystal 
was on the order of 190 
volts. 

Piercing the crystal 
is a thin wire or rod that 
acts as a grid to control the 
flow of current through the 
crystal. According to 
Hilsch's notes, the voliages 
applied to the crystai's 
"grid" ranged from -30 to 
+40 valts, with raspact to 
the point-contact. What is 
not evident is how the wire 
became embedded in the 
crystal. Perhaps the crystal 
was actually grown around 
it Who knows. In any 
event, the current gain 
Claimed for this device is on 
the order of 100 to 1. 

Reportedly, this 
amplifying cevice did nat 


find practical applicatian because of the “...low drift vaiocity of the 
slectrons.” If there was a significant delay in the propagation of 
electrons through the crystal, it would certainly make It unsuitable for 
the amplification of high-frequency signals like radio waves. If the 
movement of electrons is extremely show, even audio signals would bs 
impaired. On the flip side. thers are other applicatians for direct-current 
amplifiers. Moreover, itis claimed that the oparetion of the device can 
actually be witnessed as the movement and diffusion of colars through 
the crystal, ample justification in itself for Suilding such an instrument 

An interesting side note: Hilsch'a notebook records a 
temperature "T” of “420 degrees.” No unils are specified, nar is there 
any clarification as to what, precisely, has been heated to this 
tamperature. | presume It is the operating temperature of the crystal 
itself. 

| would guess this value expresses degrees Celsius, or 
possibly, degrees Kalvin. Either way, Is appears the KBr crystal has to 
be pretty hot to work as advertised. (Its melting polnt, by the way, is 
730 degrees C.) 


The Fiald-Effact Translator 


The Weagant tube, described back in Chapter 12, was a 
variation of the classic thermionic triode. If you recail, it conaisted of a 
filament that emitted electrons, and a plate that collected them. Both 
were confined to a narrow, evacuated tube. The flow of electrons 
between the two was controlled not with an invasive grid, but through 
variations in a static field applled from the extenor of the tube with a 
metal sleeve, 

An analogous device, called a fie/d-effect transistor or FET, 
exiets in the semiconductor worid. FETs come in number of variations, 
but generally speaking they're composed of a narrow strip of N-type or 
P4ype semiconducting material, called a channe’. One end of the 
channel becomes the source slactrode (analagaus to tha trode’s 
filament) while the other is called the drain (analogous to the plate). 
Layered on top of the channel, Dut insulated from it, is an elactrode 
called the gate. It behaves much like the control electrode wrapped 
around the waist of the Weagant tube. Changes in the charge on the 
gate act to constrict the flow of charge carriers through the channel. 

You might think the FET too exotic a davice to homebrew. 
Once again, research revealed that somebody, indeed, had done 
precisely this. R. Baker's experimentation with FET-like structures was 
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documented in the "Amateur Scientist’ column in the June, 1870 issue 
of Sefantivie Amarican, 
To be brief, Bakers FETs are based on semiconducting 


channels composed of thin films deposited on an inert substrate. The: 


filma are created when special mixtures of chemicals are applied to 
glass. If you're interested in replicating the work, it’s best to secure a 
copy of the orginal article. I'd recommend the purchase of the 
“Amateur Scientist" CD-ROM, mentioned in 4 previous chapter. In any 
event, the construction of a sample FET can be summarized as 
follows: 

Baker begins with a substrate composed of glass, cut to 
appropriate sie with a diamond point. The pieces ane soaked for 
three days In an acid solution composed of 1 part nitric acid to 12 parts 
Cistilled water. This is sald to leach out calcium and sodium ions. 
Presumably. the glass Is than removed and ringed. 

The film material consists of 600 milliliters of distilled water 
with a .01 M (molar) concentration of thiourea and a 01 M 
concentration of cadmium chloride. 

A piece of substrate material is placed in a beaker and 
immersed in the film solution, Concentrated ammonium hydroxide is 
added until the mbdureturns faintly cloudy and then clears. The beaker 
ls then placed in a double boiler and slowly heated to boil for 15 
minutes. The film solution is supposed to ium yellow-orange, signaling 
the precipitation of cadmium sulfide. 

The glass substrate, which has become coated in the process, 
is bathed and rnsed in distilled water. The sulfide coating can be 
doubled by rapaating the above process. 

Next, the glass Is heated to 500 degrees C for 30 minutes. 
With the film firmly set, Baker cut the coated substrate into smaller 
pisces measuring 1/4 by 4/2 Inch. 

Construction of Baker's FET Is mostly mechanical from that 
point an. A source and drain electrode are applied as thin strips of 
indium bumished onto the sulfide film. The film is coated with an 
insulator (vinyl cement), followed by the application of a “silver paste.” 
The conductive paste forms the FET’s gate. The entire structure, with 
the exception of the terminala, is coated and sealed wiih silicone 
rubber. See figure 16.3. 

The “Amateur Scientist" articla goes on to describe simple 
electrical tests showing the FET's ability to act as an instrument of 
amplification. Depending upon the charge applied to the gate, the 
source-to-drain current can be made to vary from as litde as 10 to 50 
microamps, with an applied voltage of 9 volts. 
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| have not yet had the opportunity to Ty Baker's process, but 
a few comments come to mind as | read about it. 

Many of the chemicals specified are very toxic. The fumes 
produced by boiling these substancas or spraying them onto heated 
glase are undoubtediy bad news. Personally, | would only attempt this 
type of work outdoors. Even then, | think I'd invest in a protective mask 
of some sort 

Some of the chamicals are relatively exotic, including our old 
friend, nitric acid. The comments | made In the last chapter about the 
procurement of chemicals for experimentation applies here as well. 

In case you're 
wondering, the term “molar” 
is an expression cf the 
number of molecules of a 
substance dissolved in a 
given volume of solvent. In 
this case, we're speaking 
about various chemicals in 
a given quantity of water. 
Knowing the desired molar 
concentration, and the 
amount of solvent, ifs 4 SiLtcone 
fairly simple matter to RUBBER, 
compute the number of 
grams of each chemical 
that must be added. Any 
introductory chemistry book. 
will show you how. 

Despita some of its 
drawbacks, Baker's thin film 
approach to FET Figure 16.3 
canstruction is a nitty one. R Construction of Baker's honebtew FET 
prompted me ta consider 
other filma and how they 
might be produced. 

A 1931 reference on mirror making, produced by the Bureau 
Of Standards, mentions a technique for applying a lead sulfide film to 
glasa for the purpose of creating “black mirrors.” The chemistry is 
similar to Baker's process, the heart of which is*...4 g of thicurea in 50 
to 75 ml of water," to which Is added "... SD to 76 rm! of a dilute solution 
of lead acetate and finally 25 mi of dilute potassium hydroxide or 
ammonia solution, mixing constantly.” The author notes thatthe sulfide 
films can be used as “... electric resistances of small dimensions with 
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a relatively high resistance, and they are, perhaps useful for other 
purposes.” 

Why not try iead sulfide as the basis for a Baker-type FET? 
We're already familiar with Its semiconducting properties in the form 
of galena. 

Finally, delicata metallic films can be applied to glass through 
a technique called sputtering. To sputter, you immerse a target metal 
In a glow discharge produced inside of an evacuated chamber. The 
movement of charged particles causes bits of the target to be eroded 
away and the fragmenis 
deposited on nearby 
surfaces. 

To accomplish this, 
you'll nead a glass vessel, a 
Vacuum pump, and a 
source af high voltage. 
{Note that, if you 
successfully built ihe glow 
tubs described a faw 
chapters back, you 
VOLTAGE basically have all of the 

omen equipment you need.} 

Like the gkw tube, 
the sputtering chamber has 
two electrodes. See figure 
148.4, The negative 
electrode is made of the 
substance with which yau 
intend to spulter. Lets 
assume, for the moment, 
Using a gkiw saa eta watt metals pntp a ate fe copper: ine 

glass Substrates composition of the positive 

terminal i pretty much up 

to you. Aluminum is as 

good as any material, An insulated table, or platform, is installed to 
keep the item you wigh to sputter in close proximity to the target. 

Once the internal pressure of the chamber has been reduced 
to 1 militorr or a0, you can apply the high voltage and watch it gk. 
Slowly, tiny particles of copper will appear, both on the surface of your 
substrate, and on the walls of the chamber in the vicinity of the 
cathode. 

While | haven't built a chamber for the expressed purpose of 
sputtering, | did observe, firat hand, the effects of sputtering in my 
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earlier glow tubes. After prolonged operation (several hours) | noticed 
a coating of copper on the interior of the glass bulb near the negative 
terminal, While thin enough to remain semitransparent, the coating 
was nonetheless substantial enough to actually conduct electricity! 


Negative-Rezlatance Devices 


lf a large pipe carrying 4 certain flow of water is fittad with a 
narrow restriction, one will 
immediately notice a drop 
in the pressure of the water 
axiting the pipe. The drop is 
the result of the losses 
incurred as the water fights 
its way through the 
restriction. 

The sams is true 
for an electric current 
Passing through a 
resistance. In this latter 
case, it is the voltage that 
drops as the current passes 
through the resistor, A 
predictable outcome of 
Ohm's law, this sort of loss 
ig associated with all 
conductive materials to a 
greater or lesser degree. 

Be tale Figure 16.5 
second, that It was possible . 
to fabricate a material that Behavior of a eta chant oitas device versus 
had an anti, or nagative, 
resistance. The loss in 
vokage previously observed In the circuit, would instead appear as an 
increase in voltage, representing a kind of gain. 

It turns out that several devices exhibit the seemingly magkal 
property of negative rasisienca, atleast over a limited set of conditions. 

in Octobsr of 1857, Lac Esaki announced the results of 
studies he had conducted into the “tunneling” effect of electrons tn thin 
semiconductor junctions. The practical result of his work was the 
invention of the tunnel diode. Aa instruments of amplification, tunnel 
diodes offer the ability to amplify and oscillate at high frequencies. 


Page 279 


They are also said to ba more resistant than ordinary transistors te the 
destructive effects of exposure to nuclear radiation. The graph in figura 
16.5 depicts the relative difference between the electrical behavior of 
a regular resistor verus the tunnel dicde. 

As you may have already guessed, it's possible to fabricate a 
iunnel diade—ike device, and happily, no exotic materials ara required. 
Bast of all, the resulting device Is of sufficient quality to be useable in 
practical circuitry. 

Ny!le Steiner, an amateur science wizard that I've mentioned 
before, has fabricated 
simple negative-resistance 
devices from siips of 
galvanized steel, which are 
then prabed,  polnt- 
contact-styla, with a fine 
wir, 

Galvanized stes! is 
coated in zinc. Steiner 
harvests his raw material 
from ventilation duct work. 
[Kee Using pliers to hold the 
metal, he heats a 1/8-inch 
wide strip in the fiame of a 
Propane torch until the strip 
glows and begins to cast off 
sparks. When removed 
from tha flame, and as the 
strip cools, dark, black 
spots will begin to pepper 
the metel's surface. 

Stelner's cutie aati Mis. Senet 

broadcast oacillator il ae pinay 

formula ZnFe,0,. 

Furthermore, he cites the Handbook of Chemisiry and Physics as 

describing zinc ferrite as a “black material.” Having done a dit of 

peripheral reading on the subject, I've concluded that i?'s a reasonable 
assertion. 

Figure 16.6 shows the schematic for a simple radio frequency 
oscillator based on the galvanized metal device. The circuit can be 
made to oscillate from audio frequencies up to an apparent ceiling of 
avout 2 MHz. This means it has the potential capabillty to tranamit to 
a nearby AM radio. 


STEEL WHISKER 
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Mr. Steiner has had similar success with galvanized nails, 
stee-io-aluminum contacts, and probes applied to iron pyrites, silicon, 
and to the surface of zinc chromate—plated nuts. His experiments are 
well documented on his Wab site, and he's written several artidas on 
the subject for the Xtal Set Society's Newsletter. 

While | have not tried to replicate Mr. Steiner's experimants, 
it occurs to me that the homebrew transistor housing described in 
Chapter 14 would make an excellent enclosure for a more permanent 
model of Steiner's homebrew tunnel diodes. 
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Chapter 17 | 
Parting Thoughts 


ost atthe nonfiction books |'ve read over the years flow 

according to 2 familiar and time-tested convention. 

Usually, things start with an introduction. This is 
followed by the presentation of information as part of a larger body of 
text. Finally, aconclusion of some sort wraps everything that preceded 
itinto a neat package, suitable for Intellectual consumption. It's over 
and done. 

The trouble with concluding paragraphs |s that they are 
invariably seen as the end of the readers joumey. In stark contrast, the 
final pages af instruments of Amplification clearly represent a 
baginning. 

Nobody can compress into a few hundred pages everything 
thane is ta know about the topics we've just explored. There Is simply 
too much te know. On the other hand, there are literally thousands of 
other science books In sirculation—physics, chemistry, and 
angineering—that address these topics in greater detail. Hunting for 
more information and understanding itis an expedition in its own right, 
limited only by your curiosity and willingness to leam something new. 

Then, there is the matter of the physical construction of the 
instruments described hera. There Is something wonderful about 
converting a thought into tangible object. The process can teach new 
skills and expand one's mind. Its also amazing how aware one 
becomes of new tools, technologies, techniques, and materials. 

Noris there any obligation on your part to follow a beaten path. 
Who says your finished devices have to look or function like mine? 
Your eas may take things in a completely differant direction. Perhaps 
the Instruments you buikd will work even better. In fact, ifs not 
impossible for an amateur to discover something totally new. 
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A SEDIMENTATION OF THE MIND: 
EARTH PROJECTS (1968) 


comes to earth projects, or what I will call “abstract Beology:” Or 
the earth are in a constant state of erosion, mental rivers wear 
banks, brain waves undermine cliffs of thought, ideas decompose j n 
unknowing, and conceptual crystallizations break apart into depos 
reason. Vast moving faculties occur in this geological miasma , an 
in the most physical way. This movement seems motionless, yet it 
landscape of logic under glacial reveries. This slow flowage 
scious of the turbidity of thinking. Slump, debris slides, avalan 
place within the cracking limits of the brain. The entire body is p 
cerebral sediment, where particles and fragments make them: h 
solid consciousness. A bleached and fractured world su rounds | 


organize this mess of corrosion into patterns, grids, and subdivi 
thetic process that has scarcely been touched, 
The manifestations 


mal 


of technology are at times Jess “ 
Artforum, September 1968 
The Bangor Quarry, Slate site in an uncontained condition 


contained in a Non-Site by Robert Smithson. (Photo 


before being 
‘Virginia Dwan.) 


yt nt 
7 hae RE ol 


ROBERT SMITHSON, 


Marshall McLuhan’s anthropomorphism), than hey ate a : 
ents. Even the most advanced tools and machines are ma, 
che earth. Today's highly refined technological tools are not n 
rect from those of the caveman. Most of the fy! 
1at have not been idealized, or differentiated into “ ‘objecti 


a this res} 
acesses tl 
ngs. Common shovels, awkward looking excavating devices, what ag 
Heizel calls “dumb tools,” picks, pitchforks, the machine used yea 
-ontractors, grim tractors that have the clumsiness of armored dindeaie oe 
plows that imply push dirt around. Machines like Benjamin Holt’s steam tr heey: : 
-or invented in 1885)—"Tt crawls over mud like a caterpillar” Dipeine ene 
vines and other crawlers that can travel over rough terrain and see 7 
Drills : ind exp losives that can produce shafts and earthquakes. Geomet Hage f tH 
rreenches col uld be dug with the help of the “ Tipper’ "—-steel toothed: BOT ee citi hae 

-d on tractors. With such equipment construction takes on the look of — ree ar care 


mri 
iy 


eee D 
Jestruction; perhaps that’s why certain architects hate bulldozers and steam aa 

hovel ie seem to turn the terrain into unfinished cities of organized 8 titCSS 

wreckaze, A sense of chaotic planning engulfs site after site. cabecc ian siataga 

nade——but to what purpose? Building takes on a singular wildness as loaders oh gna 
scoop and drag soil all over the place. Excavations form shapeless mounds: OF eB) Bee tte 3 
debris. miniature landslides of dust, mud, sand and gravel. Dump trucks spill | pear . 2 
soil into an infinity of heaps. The dipper of the giant mining power shovel is 25 aye : ae 7 ey . 
feet high and digs 140 cu. yds. (250 tons) in one bite. These processes of heavy — | har eas 


construction have a devastating kind of primordial grandeur, and are in many ie ae Pints 


ROBERT SMITHSON, Non-Site, 1968, (Mica from Portland, Buckwheat Mineral Dump. Roc _ te tr 
bee contained in Noaeas teat 


Conn.) 


,ing than the finished project—be it a wn 
The actual disruption of the earth’s ioe at times very compel 
to confirm Heraclitus’s Pragme His i é8s The most beautiful wo, 
of rubble tossed down 1n confusion. The tools of art have too | 
fined to “the studio.” The city Bae? the illusion that earth ¢ 
Heizer calls his earth projects “The alternative to the absolute ¢; 

Recently, in Vancouver, Iain Baxter put on an exhibition o 
located at different points in the city; he also helped in the pre 
Portfolio of Piles. Dumping and pouring become interesting 
Andre's “grave site” —a tiny pile of sand, was displayed under 2 
Museum of Contemporary Crafts last year. Andre, unlike Bays 
cerned with the elemental in things. Andre’s pile has no antiga 
tones; he gives it a clarity that avoids the idea of temporal spa 
tion takes place. Dennis Oppenheim has also considered the “» 
components of concrete and gypsum... devoid of manual 

Some of Oppenheim’s proposals suggest desert physiograp ec 
mushroom mounds, and other “deflations” (the removal of ; 
beach and other land surfaces by wind action). My own Tar Pool 

(1966) proposal makes one conscious of the primal ooze. Aeieat 

is poured into a square sink that is surrounded by another sq ie 

gravel. The tar cools and flattens into a sticky level deposit. This 
sediment brings to mind a tertiary world of petrolenm: 4aan 
bituminous agglomerations. er 


ways more astonis! 
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nal technique. Here tools are undifferentia 
on, OF they seem to sink back into their 
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MICHAEL HEIZER, Two-Stage Liner Buried in 


4° surface Opening. 34° depth, 24" base (underground). Sierra Mountains, near R Earth and Snow, 1967, 5 
ae a Ser, tr. 4] farni | enG, Th 
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Wagstaff, Jr., Artforum, December 1966.) He is talking about a sensation, not 
the finished work of art; this doesn’t imply that he is anti-art. Smith j is describ- 
ing the state of his mind 1n the “ primary process’ “of making contact with mat- 
ter. This process 1s called by Anton Ehrenzweig “dedifterentiation,” and it in- 
volves a suspended question regarding “limitlessness” (Freud’s notion of the 
“oceanic’) that goes back to Civilization and Its Discontents. Michael Fried’s 
shock at Smith’s experiences shows that the critic’s sense of limit cannot risk 
the rhythm of dedifferentiation that swings between “oceanic’ ' fragmentation 
and strong determinants. Ehrenzweig says that in modern art this rhyth : 
“somewhat onesided’"—toward the oceanic. Allan Kaprow’s thin ing: 
example—“Most humans, it seems, still put up fences around t heir ( 
thoughts,” (Artforum, June 1968. ) Fried thinks he knows ba > as t! 
fences around their art. Fried claims he rejects the “in inite, b , 
Writing in Artforum, February 1967 on Morris Louis: i ; 
of the untouched canvas at once nee. pe ngulfs 
abyss, the abyss that opens up behind the least ma 
face, or would open up if icnniee convent 


ies oleae part of 
jimi 


¢ SP uate oe 

The ii vheless, che quality of Fried * fear (Gtead) is hig 

revision. Never 4 Se weak metaphor— nee an nite D 

ence of the 2 eee of my Non-Sites gather in the fragmen 
The bins or 


hysical abyss of raw matter. The tools of z 
rienced in the Ee ccslory as they sink back into their origina 
part of the Earths geoloe dust or rust. One might say a “qa 
: rs must return to aus F 
like dinosau: he artist sets his limits outside the studig ort 

) fore the artist sets fn - 
takes place be 


DUSTRIES me: 
sls or : : Bei 
Great sprays of greenery make the Lambert live-jq room an us 
i : 


oasis atop a cliff dwelling. In a corner, lighted by skylights atid” 


spotlights, “Hard Red,’ an oil by Jack Bush, All planting yoni i 
Lambert Landscape Company. | | ie: | 
Caption under a pho tograph. 
House and Garden, } ly 1968 
In Art in America, Sept.—Oct. 1966, there is 4 Portrait of Anthony 
photographs of his sculpture in setti ngs and landscapes that sug 
gardening. One work, Prima Luce 1 966, painted yellow, matches th 
fodils peeking out behind it, and it sits on a well] cut lawn, [ kno 
prefers to see his art indoors, but the fact that this work ended y 
Is NO excuse for thoughtlessness about installation. The more 
today are concerned with “place” or “site "—Smith, de 
Oppenheim, Huebler—to py 
roundings, and gives 6 
echoes to the tradition 
Around 1720 the English 
the French formal gard 


ame a few. Somehow, Caro’s work 
Ne a sense of a contrived, but ta 
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if deat Jon-Site below, 968. ROBERT SMITHSON, A! 
nin Blue painted aluminum with 
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Clement Greenberg's notion of “the landscape” reveals itself with s 
S. Eliot in an article, “Poetry of Vision” ( (Artforum, April 1968). Here’ 
cizing tastes” are evoked 1n his descriptions of the Irish landscape. “The 

castles and abbeys,” says Greenberg, “that strew the beautiful cou atry 
gray and dim,” shows he takes “pleasure in ruins,” At any rate, the “pas 
ee 1s, 1s outmoded. The gardens of history are being replaced by 

Memory traces of tranquil gardens as “ideal oo E 
suggest an idea of banal * “quality” —persist in popular | | ” x 1 
Beautiful and Better Hotes ane Coardenis A kind of watered d down V 


to “country manners” and liberal-democratic notions 6: 
magazines have gorgeous photographs of artificial indus 
on their pages, The “gloomy” ruins of sia 
“happy” ruins of the humanist. Could one say t , 
Preacher s eucening laa ‘garden-traces’ seem | 


ee order. The landscape reels 
of ‘ ‘geologic time,” 


FROM STEEL To RUST 


id Smith and later by Antho oe Caro, led to 
veloped by Dav dium (painted OF Unpainted), Mol ed « 
Loar! aa and as a result they 5 
minum re eae is a hard, tough metal, sugges ting the 
nological i «a It is composed of iron alloyed With tic 
Be reuton steel may be alloyed with other metals, nicke 
Oo ors oe iecific properties such as hardness and resigr. : 

Yet, the more I think about steel itself devoid of the techn 

ments, the more rust becomes the fundamen tal Property of Stee], 

reddish brown or reddish yellow coa ting that often appears 9 

ture, ‘and is caused by oxidation (an interesting "on-technolog; 

as during exposure to air or moisture; it consists almost entirely of 

FeO, and ferric hydroxide. Fe(OH),. In the technological Mind rust ¢ 

fear of disuse, Inactivity, entropy, and ruin. Why steel is valued over ry 
Ot an artistic one. a 
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Strata of the Earth b 
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~svyor Of ‘solid materials,” but no materia 
nd fissures. Solids are particles built up arou 
»por ting grit, a collection of surfaces rea 
e dark -nside of the art. By refusing “techr 
ro nov the corroded moments, the caver { 
9eBN ent: al be in the hai chao 


THE pISLOCATION OF CRAFT—AND FALL OF THE naa 
‘ignacus ShOWS the demiurge or the artist creating 

on a non-visual order of Ideas, and seek 
represents tion of them. The “classical” notion of the a1 

model has been shown to be an error. The mode 

fio” working out an abstract grammar within the li 

ed in but another snare. When the fissures between! I 

riply into an infinity of gaps, the studio begins to crumble 
House of Usher, so that mind and matter get endlessly confoui 
ance from the confines of the studio frees the artist to a degree 
1 the bondage oF creativity. ee a con ie it 


plato s T 


his eyes fixed 
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ot craft are 


peal to natu re.” . 
biomorphic order of rao creation. The artist 1s fewered 


believes | himself to be creative, and this allows for his s 
signed by the vile laws of Culture. Our culture has ines 
can kill both mentally and physically, thinking) the ti 


the most creative order possible. 
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The names of minerals and the minerals them: el 
other, because at the bottom of both the m de 
ning of an abysmal number of fissures. Wor 

follows a syntax of die and ie Look | 
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| | COC}FFFFFFFFFFF 
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= Coarse sane 
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— | Five profiles of foundations [, 
Sg 1! below ground, 1" above } 
a . x = Quter Foundation 
= il 1968, Chalk, 
=. Mile Long Drawing. Apr a 
. eae WALTER oleae Desert, California. % is always 30' sq,, the size of 
a | 2 parallel lines, !2 6 
Be The widths of X and 2 are varjah} 
ROBERT SMITHSON, Pulverizations, 1966. Photostar 
| guage is “idealized,” and that it is hopeless to try to fit language into some ah. 
| solute logic, whereby everything objective can be tested. We have to fabricate 
| | our rules as we go along the avalanches of language and over the terraces of 
| criticism. “pier 


Poe's Narrative of A. Gordon Pym seems to me excellent art criticism 
prototype for rigorous “non-site” investigations. “Nothing worth r 
occurred during the next twenty-four hours except that, in e 


ground to the eastward third chasm, we found two triangular | 
depth, and also with black granite sides.” His des 


LS ile 


criptions of ¢ hasms ¢ 

seem to ve : ‘ ‘phi 

Ss verge on proposals for “earthwords.” The shapes of th 
ecome “verbal roots” that spell out the difference | 


and j 
ahd ends his mental maze with the sentence 
and my vengeance upon the dust within 
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ok on melting, dissolving, soaking surface ; 
1g COW ird a gaseousness, atominaon 
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. related to the‘ ‘canvas support.” 
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The world disintegrates around me. ahd 


By Palm Desert springs often run dry, 


The follow ing 1s a proposal for those who — ave les 
ht of as The Mind of Mud, or in later stages, The 


hour 
THE MUD POOL PROJEC 


_ Dig up too ft. sq. area of earth with a pitch 0 
>. Get local fire department to fill the area wi 
may be used for this purpose. ; 
The area will be finished when it turns to: on 
Let it dry under the sun until it turns to. clay. 
Lepeat process at will. 


thing that suggests saturation, a kind of wa’ er) 
charges that submerge perceptions in an onrush 
are grateful for an art that evokes general ic i 
tion of fide They prize anything ie ke ok 


acer believed that heat cont m 
else could this feeling take place 
more ‘likenesses of reality, no 
Malevich in The Non-Objecti ive 
have actually worked i in the S ou 
hotes, “Earth liners in 
Reno area? ‘The d - 


he vacancy of Thanatos. A CONSCIOUSNEsg Of the 
the vac me 


that contain = 

between craving and satiety. aioe = 
Jackson Pollock’s art tends toward a torrentia SCNSE Of mage 
ac 


his paintings look like splashes be Beri Weekes ms Its of. 
layers and crusts that suggest not : ce ‘ = a rat = a phy 
without realism or Bante en Pull Fat oe ive becomes as 
dense lagoon of pigment, a logical state of an oceanic mind p 
duction of pebbles into his private topographies Suggests an in : 
ical artifices. The rational idea of “paintin g” begins to disintegrate. 
pose into so many sedimentary concepts. Both Yves Klein and Je 
hinted at global or topographic sedimentary notions in their w 
worked with ashes and cinders. Says Dubuffet. tegarding the Nor; 1 
Poles, “The revolution of 4 being on its aXIs, reminiscent Of a der 
fatiguing, wasted effort; it is not a pleasant idea to Consider and Re 
the provisional solution. until a better one comes along, of despair” i 
the Earth as a map undergoing d isruption leads the artist to the ‘i 
nothing is certain or formal. | anguage itself becomes mountains 
debris. Klein’s IKB globes betray a sense of futility—a collapsed 4 
Anscombe writing on “Negation” in 4 ee iogie 
oe. & An Wittgenstein 
Ys, “But it is clear then an HN. 
clear that Klein's 
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RACKING PERSPECTIVES AND GRIT IN THE VANISHING POINT 
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rhe map of my Non-Site #1 (an indoor cereal aie 
cheruselves in a pre-existent earth mound that is 
hexagon: ay -ficid in the Pine Barren Plains in South New, 
radiate around a a central axis. These runways anchor my 1 
actual UNo#-. ite 1s made up of ql metal containers of | ALT 
each containing ane from the actual site. ee 
De Maria’s parallel chalk lines are 12 feet apart and ru 
the Dry Lake of El Mirage in the Mojave Desert. The 
lines 1s cracking into an infinite variety of polygons, * 
the beating sun shrinkage is constantly gomg on ca 
Rapid drying causes widely spaced cracks, while 
spaced cracks. (See E. M. Kindle’s “Some Factors 
of Mud Cracks,” Journal of Geology, Vol. 25,1917 D. 
one conscious of a weakening cohesion tha 


thar | 
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time or art. Criticism, dependent on rational illusions. appeals to a 
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values only commodity type art separated from the artist's mind By Se 


Separate “things,” “forms,” “objects,” “shapes,” etc.. with beginnings and end. 
Ings are mere convenient fictions: there is only an uncertain dis; 
order that transcends the limits of r 


ational separations. The fictions erected in 
to be swamped at ‘ny moment. The brain, self 

which ideas and ideals leak. oe ya 
n through the consciousness of temporality, it; 
§ nothing, This all-engulfing sense provide 
» 80 that it ceases being a mere object ai 
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NOTE 
The sinister in a preys sense seems to have its origin 


“qu ality garde ns” (t (Paradise). Dreadful things seem to hay 
forgotten Edens. Why does the Garden of Delights sugges 
gal dens, Deer Park. The Grottos of Tiberius. r ie 
always “lost.” A degraded paradise is perhaps worse th n 
abounds in banal heavens, in vapid “happy-hunting gro i 
like Death Valley National Monument orThe wr 
ture garden” for the most part is an outdoor “roo 
modern isms. Too much thinking sbout “gardens 
Gardens like the levels of criticism bring one to the | 
turning inte a dizzy1 Inff Maze, full of tenuous paths 

abysm: ] problem of gardens somehow involves a fall 
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Abstract 


With over 300 tonnes of gold used in electronics 
each year, end-of-life electronic equipment offers 
an important recycling potential for the secondary 
supply of gold. With gold concentrations reaching 
300-350 g/t for mobile phone handsets and 200- 
250 g/t for computer circuit boards, this “urban 
mine” is significantly richer than what is available 
in primary ores. 


However, the “mineralogy” in scrap products 
is much different than in the conventional ores 
in a gold mine: Up to 60 different elements are 
closely interlinked in complex assemblies and 
sub-assemblies, and this requires specialised 
metallurgical processes with extensive offgas 
treatment to recover gold and a wide range 
of other metals cost effectively and in an 
environmentally sound way. Moreover, the 
logistics to “excavate” and “haul” the scrap 
products to the concentrator and further to the 
smelter are much more challenging than in the 
primary supply chain. Currently, only a small 
portion of old products is collected and directed 
into state-of-the art recycling chains. Significant 
improvements are needed here to fully utilise this 
secondary metal resource. 


’ Umicore Precious Metals Refining, Rodenbacher Chaussee 4, 
D-63457 Hanau, Germany. 
E-mail: christian.hagelueken@eu.umicore.com 

? COReGOLD Technology, Reading, UK. 
E-mail: chris@corti.force9.co.uk 


Footnote: This paper has been adapted from the Plenary 
Lecture presented by Christian Hagelliken at GOLD 2009, 
Heidelberg, July 2009 


The importance of the gold content of scrap 
electronics to the economics of recovery of gold 
and many other valuable metals is not always 
appreciated and this impacts on the ‘design for 
recycling’ approach in selecting materials for 
new products, particularly in the European Union 
where the WEEE Directive aims to provide aclosed 
loop economy. With a lower carbon footprint than 
primary-mined gold, recycled gold represents an 
important ‘green’ source. The challenges faced 
in recycling electronic scrap to achieve a closed 
loop economy are discussed. 


Introduction 


Besides its main use in jewellery and investment, 
gold plays an increasingly important role in 
industrial applications among which electronics 
has by far the biggest share. Today well over 300t 
of gold are used annually in electronic components 
such as ICs, contacts and bonding wires. Although 
miniaturisation and thrifting efforts drive down the 
specific gold input, the booming growth in sales 
of electronic devices and _ their inbuilt features to 
become “smarter and quicker every year” have led 
to a substantial net increase in gold demand over 
recent years [1]. Mobile phones and computers are 
a good example in this context, Figure 1. 


At the end of their use, these and other electronic 
products offer an important recycling potential for the 
secondary supply of gold. With gold concentrations 
reaching 300-350 g/t for mobile phone handsets and 
200-250 g/t for computer circuit boards, this “urban 
mine” is significantly richerthan whattoday is available 
in primary ores. However, the “mineralogy” in scrap 
products is much different than in the mine: Up to 60 
different elements are closely interlinked in complex 
assemblies and sub-assemblies, usually connected 
to organics, which often contain halogenated flame 
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Figure 1 

a) Mobile phones b) PC and laptops c) World mine atb 

1300 Million units 300 Million units production share 
x 250mg Ag 325 t Ag x 1000mg Ag 300 t Ag Ag: 21,000 t/a 3% 
x 24mg Au 31 t Au x 220mg Au 66 t Au Au: 2,400 t/a 4% 
x 9mg Pd 12tPd x 80mg Pd 24t Pd Pd: 220 t/a 16% 
x9gCu 12,000 t Cu x 500g Cu 15,000 t Cu Cu: 16 Mt/a <1% 

1300 Million batteries 140 Million laptop batteries 
x 3.8 g Co* 4800 t Co x 65 g Co* 8100 t Co 

*Li-ion type *Li-ion type Co: 60,000 t/a 23% 


Volume counts — content of gold and other metals in mobile phones and computers in relation to total demand from these appliances 


and world mine production 


retardants (boards, casings and other plastic parts). 
It requires specialised metallurgical processes with 
extensive offgas treatment to recover gold and a 
wide range of other metals cost effectively and 
in an environmentally sound way. And since the 
secondary “ore body” is widely spread over millions 
of households, businesses and individual consumers 
around the world, logistics to “excavate” and “haul” 
the scrap products to the concentrator and further 
to the smelter are much more challenging than in the 
primary supply chain. 


State-of-the-art recovery technologies make use of 
large scale integrated smelter-refinery operations 
(such as the Umicore plant at Hoboken/Antwerp). 
Circuit boards, mobile phone handsets and many 
otherprecious metals-containingsecondary materials 
are treated in a complex metallurgical flowsheet. In 
the case of Umicore, at the end of this, pure gold 
and 16 other metals are recovered with high yields. 
This paper examines the importance of gold to the 
economics of recycling of electronic scrap against 
the background of the WEEE (Waste Electronic 
and Electrical Equipment) European Directive that 
aims to provide a ‘closed loop’ economy, i.e. to 
foster environmentally sound reuse/recycling and 
to preserve natural resources. It demonstrates that 
using gold in electronic equipment in a ‘design for 
recycling’ approach is cost-effective. The recycling 
processes in use and the significance of the 
preceding steps of collection and preprocessing 
to achieve overall high recovery rates is covered. 
Attention is also given to the current severe deficits 
in the recycling chain, including illegal and dubious 
exports of end-of-life electronics and their sub- 


standard treatment in backyard recycling operations 
in many developing and transition countries. 


Material composition of electronic 
equipment 


As noted above, electronic equipment contains a 
wide variety of materials, some of which are valuable, 
some toxic or hazardous and some are both. These 
include the following elements: 


¢ Precious metals: gold, silver, palladium and, to a 
lesser extent, platinum and ruthenium 

* Base and special metals: iron, copper, aluminium, 
nickel, Zinc, tin, cobalt, selenium, indium, gallium, 
etc 

* Hazardous substances: mercury, beryllium, lead, 

cadmium, arsenic, antimony, etc 

Halogens: bromine, fluorine, chlorine 

* Other substances: organics such as plastics, 
fluids, glass, ceramics, etc. 


If such scrap is landfilled or not treated in an 
environmentally sound way, then it poses a high 
risk of environmental damage. Moreover, it contains 
valuable resources that can be recovered and 
reused, reducing the need to mine new metals. The 
composition of a number of typical electronic items 
is shown in Table 1, upper part. These figures are 
indicative; actual content can vary significantly but 
the order of magnitude is correct. Plastics and steel 
tend to dominate in terms of weight, but in terms of 
value, gold and the other precious metals dominate, 
as shown in the lower part of the table. For PC 
boards, cell phones and the calculator, gold and the 
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Table 1. Value versus weight distribution for typical electronic devices/components (at March 2010 prices) 


Weight-share Fe Al Cu 
Monitor-board 30% 15% 10% 
PC-board 7% 5% 18% 
Mobile phone 1% 3% 13% 
Portable audio 23% 1% 21% 
DVD-player 62% 2% 5% 
Calculator 4% 5% 3% 
Value-share Fe Al Cu 
Monitor-board 4% 14% 35% 
PC-board 0% 1% 13% 
Mobile phone 0% 0% 6% 
Portable audio 3% 1% 73% 
DVD-player 15% 3% 30% 
Calculator 1% 4% 10% 


plastics Ag [ppm} Au [ppm] Pd [ppm] 
28% 280 20 10 
23% 900 200 80 
43% 3000 320 120 
47% 150 10 4 
24% 115 15 4 
61% 260 50 5 
Sum PM Ag Au Pd 
47% 1% 33% 1% 
86% 5% 69% 12% 
93% 11% 71% 11% 
21% 4% 16% 3% 
52% 5% 42% 5% 
85% 6% 76% 3% 


other precious metals make up more than 80% of 
the value, whilst for TV boards and DVDs, they still 
contribute around 50% of the value. Copper also 
contributes next in the value ratings. 


Hence, any major reduction of precious metals 
decreases substantially the net recoverable 
value from electronic scrap and, therefore, the 
motivation to recycle scrap. WEEE-recycling in 
the EU and increasingly elsewhere has become a 
legal requirement. One has to bear in mind that a 
complete recycling chain needs to be remunerated. 
On the one hand total costs arise for collection, 
shipment, pre-treatment and refining within the 
chain, which by nature are hard to compress, as 
well for handling of waste fractions that cannot 
be recovered. On the other hand, as revenue there 
is the intrinsic recovered metal value and here 
as shown above especially gold often makes a 
significant contribution. With the exception of certain 
products such as mobile phones and computers 
this results in a net cost for the entire chain, 
but nevertheless sound recycling remains a societal 
necessity. 


Moreover, the material composition can have 
a significant impact on recycling requirements 
— technical processes and emission controls. The 
varying values between types of equipment also 
means that mixing of very heterogeneous scrap in 
the collection/pre-processing stages can negatively 
influence recycling returns due to dilution and 
technical constraints. It should also be noted that 
legislation impacts material composition and hence 
recycling requirements. For example, the ban on 
lead (EU ROHS Directive) implies an increased use 


of other metals such as tin, copper, bismuth, indium 
and silver in solders. Additionally, new products such 
as MP3 players and digital cameras as well as new 
generation products, e.g. the shift from CRT-glass 
to LCD glass, can bring new material compositions, 
that impact on recycling requirements. 


Gold in electronics: The potential 
market supply from recycling 


As noted earlier, around 300 t of gold are utilised 
in electronics manufacture each year (246 t in 2009, 
down on 293 t in 2008 due to the effects of the 
world economic recession) [1]. This is circa 12% 
of total annual mine production of gold. Its efficient 
recovery from electronic scrap therefore represents 
a significant potential recycling source. So what is the 
potential market supply in gold and other valuable 
metals? Two examples are examined here. 


Mobile phones: Global sales of mobile phones in 
2008 were close to 1300 million units. At an average 
of 24mg Au, 250mg Ag, 9mg Pd and 9g Cu, this 
equates to 31tonnes Au, 325t Ag, 12t Pd and 12,000t 
Cu, Figure 1. If we include the batteries (Li ion type) 
with 3.8g cobalt each, this adds 4,600t Co to the 
potential supply. Up to 2008, cumulative sales of 
mobiles numbered 7.2 billion, Figure 2; this equates 
to 170t Au, 1800t Ag and 70t Pd! 


PCs & Laptops: Around 300 million units were 
sold in 2008. On average, each contains 220mg 
Au, 1,000mg Ag, 80mg Pd and 500g Cu. Laptop 
batteries (Li ion type;140m in total) add a further 65g 
Co/battery. In total this adds up to 66t Au, 300t Ag, 
24t Pd, 150,000t Cu and 9,100t Co. 
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These total potential supplies equate to a significant 
proportion of world mine production: 4% for gold, 
3% for silver, 16% for palladium and <1% for Cu with 
23% for cobalt. In terms of the broader electronics 
market, Figure 3, the market supply is potentially more 
substantial, with European demand contributing to 
about 25% of global sales on average. Thus, metals 
demand for EEE (electronic & electric equipment) 
continues to grow and hence potential supplies of 
scrap will continue to grow. 


U 


Average CO, impact of primary metals production based on 
ecoinvent 2.0 data of EMPA/ETH-Ztrich 


In the context of WEEE providing an ‘urban’ mine for 
gold, a typical primary gold mine will yield around 
5g/tonne of gold. In electronic scrap, this rises to 200- 
250g/t of computer circuit boards, making it a much 
more attractive source. If we factor in the high CO, 
impact of primary gold production, Figure 4, due to 
the low ore concentration, difficult mining conditions 
and other factors, the recycling of scrap becomes 
more attractive from a sustainable standpoint. 
Recycling of scrap has a much lower CO, impact for 
gold production, if state-of-the-art technologies are 
used. Clearly, EEE scrap cannot replace all primary 
gold production when total demand is considered; 
they are complementary systems in the drive for a 
more sustainable use of gold. [2] 


Opportunities in gold recycling: Use of 
state-of-the-art technologies 


Whilst we all wish that recycling and waste 
management was simple and_ straightforward, 
the reality is quite different. As noted earlier, the 
composition of EEE scrap is much more complex 
than conventional mineral ores and this makes 
processing it to recover values more complex too. 
A mobile phone can contain up to 50 elements, which 
are closely interlinked in its various components. The 
tendency to thrift metal use and miniaturisation of 
components is outweighed by the absolute growth in 


Figure 5 
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electronic and other ‘high tech’ applications, as well 
by the trend to manufacture ever smarter devices. 
As precious and special metals are decisive for 
increasing functionality, this drives the use of gold 
and other “technology metals”, hence gold demand 
in electronics is expected to grow further. The 
valuable metals and most hazardous materials tend 
to be concentrated in the circuit boards, so efficient 
and environmentally sound processing of the boards 
requires special attention. 


To recycle WEEE, a well organised and dedicated 
recycling chain is required, Figure 5, starting with 
efficient collection. In the dismantling and _ pre- 
processing stages, specific material fractions need 
to be directed into the right end-process. In the end 
processing (materials recovery) stage, the recovery 
of the physical metals is decisive for value generation 
and for toxic control. For successful recycling, 
the optimisation of the interface between stages, 
specialisation of technologies and economies of 
scale are important. No universal recycling processes 
exist and no company covers all the processes. 
Hence an optimised flow of WEEE through the 
chain and a good communication between the 
various stakeholders is crucial, considering the 
entire chain and its interdependencies. The efficient 
metallurgical recovery of low concentration metals 
from complex products, such as computer circuit 
boards or mobile phones, needs ‘high-tech’ large 
scale processes within an appropriate infrastructure 
and with access to the right mix of feed materials 
(including non-e-scrap). Such favourite frame 
conditions are not available in many countries in the 
world, nor is it economically reasonable to replicate 
such high investment plants in too many locations. 
Instead, stakeholders within the recycling chain can 
benefit from an international division of labour as it 


is also daily practice in manufacturing of complex 
products. It needs to be understood that recycling 
of such products is not just a simple process but the 
final metals recovery step plays in the same league 
as their manufacturing. 


When precious metal-bearing fractions enter state- 
of-the-art metallurgical plants, a very efficient 
recovery of gold and other metal values can be 
achieved. The integrated smelter-refinery facility at 
Umicore, Hoboken/Antwerp is an example of what is 
required, Figure 6. This can treat up to 350,000t p.a. 
of precious metal-bearing secondary materials of all 
types. Beside electronic fractions, spent automotive 
catalysts, process catalysts used in oil refining and 
chemistry, many other precious metals-bearing 
materials as well as side streams from non-ferrous 
metal smelters are treated. Recovery of gold 
and other precious metals in 2007 totalled US$2.6 
billion, with 10 other metals contributing a further 
$0.4 bn. The output was about 30t Au, 37t of platinum 
group metals, 1,000t Ag plus 68,500t of the other 
10 metals. Gold yield is close to 100%. In addition, 
the recovered metals represent a CO, saving 
potential of 1m tonnes compared to primary metal 
production (which would have had a 1.3m tonne 
impact). The saving represents around 80% of the 
CO, impact. The location of this facility exists since 
the late 19th century, but over the last 20 years the 
plant set-up and process. technology were 
completely transferred from a former traditional 
smelter of mining concentrates to a dedicated 
smelter refinery of precious metals-bearing 
secondary materials. Over €400m has been 
invested just over the last 12 years; a green field 
replicate of the plant would represent a_ total 
investment of well over €1bn [3]. 
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Aerial view and simplified process flowsheet of Umicore’s 
integrated smelter-refinery at Hoboken/Antwerp, Belgium 


The challenges and deficits in recycling 
of the precious metals from WEEE 


As should be obvious from Figure 5, the overall 
recovery rates of the gold and other precious metals 
depend on the effectiveness of each single stage 
involved. The very high precious metal yields that 
are reached in state-of-the-art metallurgical metals 
recovery operations are rather insignificant if, e.g., 
only 50% of WEEE is properly collected or if high 
losses of gold-bearing fractions occur during 
dismantling and pre-processing. In practice, due to 
such inefficiencies mainly in the initial steps of the 
recycling chain, today less than 20% of the gold 
recycling potential from European WEEE is realised. 
The weakest part of the chain is the collection stage. 
There is still a long way to go in Europe and many 
other countries in organising efficient collection of 
WEEE. Governments need to take this seriously and 
facilitate better collection systems. 


In addition, often in pre-processing high (and 
avoidable) losses also occur As displayed in 
Figure 7, pre-processing breaks up devices into 
main material fractions and channels these into 
the appropriate end-processing/material recovery 
processes. If, e.g., computer circuit boards are not 
removed at an early stage — to be supplied directly 
to appropriate metallurgical recovery processes 
- incomplete metals liberation and dust formation 
of the shredder process lead to unintended co- 
separation of precious metals into the sorting output 
fractions, from where they cannot be recovered 


anymore. For example, gold would be lost if directed 
into an Al- or Fe-smelter, or if ending up in a plastics 
or glass recovery process [4]. 


However, the biggest loss factor currently is that 
much WEEE is exported to developing countries in 
Asia and Africa for treatment or even for just being 
discarded after some few reusable devices and 
components have been removed. Most of these 
exports are illegal or at least dubious. Usually, WEEE 
is declared as reusable second-hand goods to 


circumvent the rest 
on trans-boundary 


rictions of the Basel Convention 
shipments of waste. In reality, 


the outgoing containers are filled largely with non- 


reusable scrap. Wi 


leaving the Europe 
challenging and en 


E4 


th ten thousands of containers 
an ports every day, controls are 
orcement of the legislation so far 


is weak [5]. 


If recycling takes place at all in the WEEE importing 
country such as China and India, it is usually low- 
tech ‘backyard’ recycling with dramatic environment 
and health impacts, particularly on the workers 
employed and the local communities [6-8]. Although 
often collection and dismantling of products work 
quite efficiently, the weak point is the refining of 


Figure 7 
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complex components such as _ batteries, circuit 
boards or mobile phones, and the handling of 
hazardous fractions. Devices and parts thereof are 
burnt under an open sky to concentrate metals, 
metals are leached out with cyanide or strong acids 
without protection methods or effluent treatment, and 
waste fractions are just discarded into the landscape. 
Severe environmental impacts from this occur at 
3 levels: (a) from the product itself when landfilled, e,g, 
release of lead and mercury, (b) due to substandard 
processes, e.g. dioxin formation during incineration 
of halogenated plastics or smelting without suitable 
off gas treatment and (c) from the reagents used in 
processing, leaching effluents, NO, from leaching, 
and mercury from amalgamation to recover gold 
and silver [9]. 


Moreover, such processes are highly inefficient with 
respect to metals recovery. They focus just on a few 
valuable metals (‘cherry-picking’), but even for gold 
— being the clear target metal - processing yields 
are under 25%. Yields for other precious metals are 
even lower and special metals are lost completely 
[10]. A recent UNEP report gives a comprehensive 
overview on the situation in developing countries 
[11]. To improve this both from an environmental 
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The “open loop” structure typical for consumer products 


and a resource recovery aspect, the “best of two 
worlds approach”, as described e.g. in [12], offers a 
promising solution. The idea is to combine efficient 
collection and dismantling in developing/transition 
countries with high tech metallurgical refining 
processes of critical fractions in industrialised 
countries, as introduced above. The net revenues 
resulting there from are returned to the companies/ 
associations that shipped out the critical fractions. 
Such approach follows the same logic in recycling of 
complex products as is used in their manufacturing 
— making use of specialisation, economies of scale 
and an international division of labour. Since critical 
fractions only make up a small portion of WEEE (< 
10% on average), this would lead only to rather low 
volume shipments to globally sourcing state-of-the- 
art refining plants, while the bulk of WEEE-fractions 
that need less sophisticated processes could still be 
treated locally, generating jobs and revenue there. 


It needs to be noted, however, that such concepts 
are reasonable only for the significantly rising 
volumes of domestic WEEE in developing/transition 
countries. It must not target WEEE generated in 
Europe or other industrialised regions, as_ this 
would imply much larger shipment volumes (whole 
devices) which hardly can be proper monitored in 
the importing countries. In this context a critical view 


is also needed on some new industrial appearing 
refining facilities ("clean leaching plants”) that have 
come on stream mainly in China and India. Reliable 
information about the processes used, operating 
and environmental efficiency or destination of output 
fractions is scarce What is really going on there 
remains quite opaque and, at least for sound and 
efficient refining of circuit boards or mobile phones, 
technological limitations do exist. Hence, shipments 
from Europe to such plants should not take place 
unless the operation has been duly certified by an 
independent and (technical!) knowledgeable body 
on basis of the same standards that are required for 
European refining operations. 


Summing up, such doubtful or illegal export of 
European WEEE depletes the ‘urban mine’, valuable 
raw material resources are carelessly wasted and 
significant harm is caused to the environment. 
The latter can even fall back on the European 
consumers, as a local contamination of soil, rivers 
and lakes in Asia can find its way into the food chain 
and thus into products imported also by Europe. 
Unfortunately, in a global economy, local problems 
become globalised! 


The main challenge to overcome is the “open loop” 
structure of materials cycles for most consumer 


goods as shown schematically in Figure 8. This leads 
to significant losses for a number of reasons: 


* There is alow awareness about valuable resources 
contained within WEEE or a missing economic 
driver to recover them, due to the low intrinsic 
metal value for a single device. 

* Consumer products often change ownership 
during their life cycle and, with each change, the 
connection between the manufacturer and owner 
becomes weaker. This is compounded by the 
fact that change of owner often means a change 

of location and that highly mobile consumer 

goods are spread all over the globe. Material 
flows become unclear and, in most cases, only 
estimations about real directions and quantities of 
flows are available. 

* Products that have reached their End of Life (EoL) 

tend to be left (hibernate) in drawers, basements, 
etc, rather than being given in for recycling. 

« In the case where EoL products end up in the 
Developing Countries, usually an appropriate 
recycling infrastructure is missing there. This 
creates problems, even in the case of legitimate 
exports of reusable products, like working 
computers given as donations, e.g. to African 
schools. 

¢ Usually no connection remains between final 
owner and original product manufacturer. The 
implementation of ‘producer responsibility’ thus 
is difficult to realise. New business models are 
required, such as leasing, payment of deposits, 
etc. to transfer the open structures into closed 
loop systems [13]. 


A good example of this problem is the mobile phone. 
Global sales have increased from 400m units in 2001 
to 1300m units in 2008 and 2009. In spite of much 
effort, recycling still largely fails. Taking year 2009, 
the potential for recycling is around 800m units, which 
at 100g per unit equates to 80,000t p.a. Of this huge 
potential, only around 2000 t are really recycled in 
state-of-the-art facilities. From the few units that are 
professionally collected [14], most will be reused by 
other users but some are unfit (typically 25-35%) for 
reuse and are sent directly to the bona fide refiner for 
recovery. Most reuse finally takes place in developing 
countries, where they are discarded at end-of-life 
or, sometimes, go to local ‘backyard’ refiners with 
the inherent problems discussed above. The larger 
portion of mobiles, however, is not collected and 
either ‘stored’ in drawers (with a potential for later 
recycling) or disposed in household waste, which 
represents an unrecoverable loss. 
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Design for recycling 


The main thrust of the foregoing has centred 
on recycling WEEE in an effective, efficient and 
environmentally sound approach and the benefits 
of recovering precious and other metal values. This 
is essentially a ‘green’ sustainable approach. We 
have noted for gold, it is more effective than primary 
mining and at a lower environmental cost (e.g.a much 
lower CO, impact and less environmental damage). 
So, on that basis alone, it has merits. It is, without 
doubt, economically worthwhile to recover gold and 
other metal values because the value recovered 
outweighs the cost of refining of WEEE once the 
devices have been collected and pre-processed. 
It is economic to do so if we reasonably undertake 
the efforts to divert WEEE from our landfills to avoid 
environmental damage! Moreover, the presence of 
gold as the most valuable substance in electronics 
(albeit it's low concentration) is an enabler for 
the co-recovery of many other metals if modern 
metallurgical processes are used. Thus gold as the 
“paying metal” triggers recovery of, e.g., potentially 
scarce special metals, which would otherwise not 
be economical. With precious metal prices at a 
high — gold is currently around $39/g, (May 2010) 
— a certain threshold precious metal content of 
the original equipment is important if recycling 
is to remain economically worthwhile. That said, 
it is understandable in a competitive market that 
original equipment manufacturers (OEMs) and their 
suppliers look constantly at reducing costs, through 
miniaturisation and thrifting of expensive metals. For 
example, there is interest in replacing gold bonding 
wire with copper, although this is not without 
technical difficulties and may well lower the technical 
performance. However, it is shortsighted to view 
costs purely in terms of the initial cost of production 
of the equipment. OEMs need to consider lifetime 
costs which embrace the EoL situation and the cost 
of disposal. When that is taken into consideration, 
then it becomes more attractive economically to 
include materials that have a positive recycling 
cost benefit as well as technical superiority in the 
application. This is a ‘design for recycling’ approach 
that, perhaps, needs to be considered more seriously 
by OEMs. This was confirmed by a recent survey 
conducted by World Gold Council and SEMI in 
which 50% of chip design companies were unaware 
that gold reclaimed from waste electronics was a 
very substantial proportion of the value derived from 
electronic waste material [15]. The alternative is for 
the costs of recycling WEEE to be gathered by other 
means, e.g. by additional taxation on purchasers. 


The European Directive on WEEE is aimed at placing 
the financial responsibility for recycling of WEEE on 
the equipment OEMs. As discussed earlier, this may 
require new business models. 


There are certainly more “Design for Recycling” 
rules that need to be considered. Important is 
a “Design for Disassembly” approach, which 
facilitates that critical components like circuit boards 
or rechargeable batteries can easily be removed 
(manually or mechanically) and channelled into 
the most appropriate recovery processes without 
causing losses of valuable materials. An elimination 
of hazardous substances like mercury from products 
is another important design measure, but it needs 
to be secured that, through an early dialogue with 
recyclers, the impacts of potential substitutes on 
recycling processes are duly considered. Finally, 
any dissipative use of precious metals in mass 
applications should be avoided. 


Concluding remarks 


This paper has examined the recycling of waste 
electronics and electrical equipment (WEEE) and 
the benefits, both economic and environmental, of 
recovering gold and precious metal values. 


Gold demand for electronics is 300t p.a. and growing; 
there is strong sector growth expected. 


Electronic products at their end of life are potentially 
a substantial source (an ‘urban mine’) of gold 
and other valuable metals that can reduce our 
dependence on primary mining. Recycling of WEEE 
is a more sustainable, ‘green’ approach to sourcing 
such materials. 


Electronic equipments are complex products 
that need sophisticated and integrated recycling 
systems. Simplistic approaches are not possible or 
environmentally viable. 


There is an urgent need to close the loop in terms 
of recycling and this needs to be done globally. A 
holistic approach to life cycle, recycling chain and 
location is essential at the various levels — system, 
product, process. All the factors — technological, 
societal, legislative and economic need to be 
considered [16]. 


This approach presents a number of requirements 
that can be viewed as opportunities: 
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- Outreach to developing countries is necessary 
with knowledge transfer and_ solution-oriented 
new approaches or business models. 

- Design for sustainability without loss of product 
performance. 

- Improved collection systems of consumer goods 
are Critical. 

- Optimisation along the entire production and 
recycling chain with further improvements in 
energy use and environmental performance at the 
recycling end. 

- Stimulation of the best available technologies and 
an interdisciplinary approach. 


The technology and capacity is available to efficiently 
recover gold and other precious metals from complex 
materials such as WEEE. The value of gold present 
in end-of-life products stimulates recycling and 
enables recovery of many additional metals. 


In spite of legislation, there are high gold losses in 
Europe due to WEEE exports to overseas countries. 
If recycling takes place there at all it is very inefficient 
(gold yields <25%) with a high environmental burden. 
It is estimated that currently only around 20% of the 
gold from European WEEE sources is recovered, 
while 80% of our “urban mine” are still wasted. 


Total gold recovery from WEEE (‘e-scrap’) on a 
global scale is estimated to be currently only about 
30-50 t p.a. This could be increased significantly if 
collection and treatment systems would be improved 
world wide. There is hardly any dissipative use of 
gold in electronics and with appropriate technology 
gold recovery rates close to 100% can be achieved. 
Thus, in an “ideal world” the potential gold recovery 
from WEEE could approach one day the 300 t p.a. 
which are currently brought into the market. 


All gold and other metals recovered from product 
recycling (WEEE, catalysts, etc) that are used in 
subsequent product manufacture represents ‘green’ 
gold (metals) with a relatively low CO, burden and 
a fully transparent origin. Manufacturers who set up 
appropriate business models and cooperate with 
environmentally sound recyclers such as Umicore to 
secure their access to secondary metals thus can 
make a significant step towards “ethical sourcing” 
of their raw materials, a requirement that is in the 
light of the debate on “conflict metals” becoming 
increasingly important today. 
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executive summary 


introduction E xpansion of the global market for electrical and electronic 
products continues to accelerate, while the lifespan of the products is 
dropping, resulting in a corresponding explosion in electronic scrap. 

As noted by UNEP (2005): 


“Every year, 20 to 50 million tonnes of electrical and electronic 
equipment waste (“e-waste”) are generated world-wide, which could 
bring serious risks to human health and the environment. While 4 
million PCs are discarded per year in China alone.” 


This rapidly growing “e-waste” stream presents additional difficulties 
because a wide range of hazardous chemicals are, or have in the past 
been, used in components of electrical and electronic devices, and these 
subsequently create substantial problems with regard to handling, 
recycling and disposal of obsolete products. 


The European Union (EU), J apan, South Korea, Taiwan and several states 
of the USA have introduced legislation making producers responsible for 
their end-of-life products. The EU has banned the use of certain hazardous 
substances in electrical and electronic products from J uly 2006, to 
facilitate safer recycling. 


For the present, however, the “e-waste” recycling sector in many parts of 
Asia remains largely unregulated. It is also poorly studied with regard to 
its impacts on the environment and on the health of recycling workers and 
surrounding communities. 


design of the study This study was designed to provide a snapshot of 
workplace and environmental contamination from a selection of industrial 
units and dump sites associated with the electronic waste-recycling sector in 
China and India. A total of more than 70 samples were collected during 
March 2005 from sites located in the vicinity of Guiyu Town, Guangdong 
Province in southern China and in the suburbs of New Delhi, India. Samples 
included industrial wastes, indoor dusts, soils, river sediments and 
groundwater from typical sites representing all major stages routinely 
employed in the dismantling, recycling and final disposal of electrical and 
electronic wastes (i.e. storage, component separation, plastic shredding, acid 
processing/leaching, open burning and residue dumping) in both countries. 


summary of key findings Results confirm that all stages in the 
processing of electrical and electronic wastes have the potential to release 
substantial quantities of toxic heavy metals and organic compounds to the 
workplace environment and, at least to the extent studied, also to 
surrounding soils and water courses. Among the toxic heavy metals most 
commonly found in elevated levels in wastes from the industry, as well as 
in indoor dusts and river sediments, were those known to have extensive 
use in the electronics sector, i.e. 


* lead and tin, most probably arising in large part from solder and, 
in the case of lead, batteries 


* copper, for example from wires and cables 
* cadmium, from a variety of uses including batteries and solder joints 


* antimony, most probably from use of antimony trioxide as a flame retardant 
additive in plastics and resins as well from use in electrical solders 


DELHI, INDIA - 11 AUGUST 2005 - YOUNG WORKERS 
AT AN E-WASTE RECYCLING YARD IN DELHI. 


Many other metals associated with the electronics industry were also relatively 
abundant in many samples, including barium, chromium, cobalt, gold, mercury, 
nickel, silver and zinc. 


The range of organic contaminants identified in waste and sediment samples 
also reflected current or historical use in electrical and/or electronic goods, 
including brominated, chlorinated and phosphorus-based flame retardants, 
phthalate esters and esters of long-chain organic acids. P olybrominated 
diphenyl ethers (PBDEs) and polychlorinated biphenyls (PCBs) were 
particularly in evidence, as well as many other organic chemicals, some 
containing chlorine or bromine, which could not be reliably identified. Given the 
crude methods employed in much of the recycling sector investigated, it is 
likely that some of these chemicals arose as products of incomplete 
combustion or of chemical reactions occurring in complex mixed wastes. 


Key results according to the different activities and processes employed in the 
“e-waste” recycling sector in both China and India, as well as brief 
information on the hazards of some of the chemical groups investigated, are 
summarised below. 


component separation and solder recovery Samples of dust collected from 
the floors of three solder recovery workshops in Beilin, Region of Guiyu 
(China) contained high levels of a variety of metals compared to background 
levels, particularly lead and tin, as well as copper, antimony and, in some cases, 
cadmium and mercury. One such sample comprised 29.3% by weight tin, 
7.6% lead and 1.1% copper. For all dusts collected from the workshops in 
China, the concentrations of lead were hundreds of times higher than typical 
levels recorded for indoor dusts in other parts of the world. 


lead (Pb) is widely used in electronic goods, as a major component 
of solders (as an alloy with tin) and as lead oxide in the glass of 

cathode ray tubes (televisions and monitors), as well as in lead-acid 
batteries. Its compounds have also been used as stabilisers in some 


PVC cables and other products. Lead is highly toxic to humans, as 
well as to animals and plants. It can build up in the body through 
repeated exposure and have irreversible effects on the nervous 
system, particularly the developing nervous system in children. 


A similar picture was apparent in the component separation workshops 
sampled in India. Dusts from general separation workshops contained the 
same metals at levels which, though somewhat lower than those recorded 
in China, were nevertheless still greatly elevated (5-20 times) over 
background levels. Dust samples from battery dismantling workshops in 
Mayapuri and Buradi districts were particularly heavily contaminated, the 
former containing 8.8% by weight lead and the latter 20% cadmium. This 
last figure is around 40 thousand times higher than levels typical for 
indoor dust samples. 


cadmium (Cd) occurs in electronics both as cadmium metal, in some 
switches and solder joints, and as cadmium compounds in 
rechargeable batteries, UV stabilisers in older PVC cables and 
“phosphor” coatings in older cathode ray tubes. Like lead, cadmium 


can accumulate in the body over time, with long-term exposure 
causing damage to the kidneys and bone structure. Cadmium and its 
compounds are known human carcinogens, primarily through 
inhalation of contaminated fumes and dusts. 
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Of the dust samples from the Indian workshops analysed for organic 
contaminants, all contained the persistent organic pollutants PCBs (more 
than 35 individual congeners in each case), chemicals once widely used in 
electrical and electronic applications (among others), though now banned 
from new uses throughout the world. One of these three samples, namely 
that from a workshop in Shashtri Park, also contained two congeners of 
the brominated flame-retardants PBDEs, still in use over much of the 
globe. In all three cases, a substantial proportion (52-69% ) of all organic 
chemicals isolated from the dust samples could not be identified. A single 
sample of dust collected from a Shashtri Park workshop in the previous 
year also showed the presence of PCBs among a complex mix of other 
organic contaminants. 


Until the late 1970s, PCBs (polychlorinated biphenyls) were widely 
used in insulating fluids for electrical transformers and capacitors, 
as well as flame-retardant plasticisers in PVC and other polymer 
applications. They are highly persistent and bioaccumulative 
chemicals, rapidly becoming widespread through the environment 


and building up several thousand-fold in body tissues of wildlife. 
PCBs exhibit a wide range of toxic effects including suppression of 
the immune system, liver damage, cancer promotion, damage to the 
nervous system, behavioural changes and damage to both male and 
female reproductive systems. 


A preliminary study in Beilin (China), in which dust samples were collected 
from the houses of two solder-recovery workers and from one household 
having no connection with the industry, indicated the potential for the home 
environment to become contaminated with chemicals from the workplace 
(eg. as a result of contamination of work clothing). Even though the 
houses were remote from the solder recovery works themselves, levels of 
copper, lead, tin, antimony and, to a lesser degree, cadmium were higher in 
the dusts from the two solder-workers’ houses than in the single control 
house sampled. This indicative result illustrates the need for further 
research into contaminant exposure in the homes of workers in this sector. 


Contamination of the environment beyond the workplace was also indicated 
by the results of analysis of street dusts from several locations around the 
recycling district of Shashtri Park in Delhi, compared to those of two other, 
more residential areas. Although results for heavy metals were somewhat 
less conclusive, three of the four road dusts collected in the Shashtri Park 
area contained traces of PCBs, chemicals which were not detectable in 
road dust from either Kailashnagar or Safourjung districts. 


mechanical shredding Sediments accumulating in discharge channels 
arising from mechanical shredding facilities in the Guiyu town of China 
contained variable but generally very high levels of heavy metals as well as 
complex mixtures of organic contaminants. Discharge channel sediments 
from one such facility close to the Guiyu to Nanyang road, and from two 
similar facilities close to the Chendiandian to Guiyu road contained 
elevated levels of copper (between 9500 and 45900 mg/kg), lead (4500- 
44300 mg/kg) and tin (4600-33000 mg/kg) as well as antimony (1390- 
2150 mg/kg), nickel (150-2060 mg/kg) and cadmium (13-85 mg/kg). For 
copper, lead, tin, nickel and cadmium, these levels are between 400 and 
600 times higher than would be expected for uncontaminated river 
sediments. For antimony, the levels are around 200 times higher than 
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background. Wastewater collected from one of the two Chendiandian to 
Guiyu road facilities, consisting of a thick slurry of particulates suspended 
in water, was also found to contain high concentrations of these and other 
heavy metals. 


Common organic contaminants in these wastes included the brominated 
flame retardant compounds PBDEs. A total of 43 PBDE congeners, from 
tribrominated to hexabrominated, were isolated from the sediment sample 
taken from the wastewater ditch of the facility close to the Guiyu to 
Nanyang road. A similar range of PBDEs was found in two samples of 
sediment collected from the waste channel serving one of the two facilities 
close to the Chendian to Guiyu road. Traces of PBDEs were also 
detectable in the wastewater/slurry flowing from this facility to the 
channel at the time of sampling. 


PBDEs (polybrominated diphenyl ethers) one of several classes of 
brominated flame retardants used to prevent the spread of fire ina 
wide variety of materials, including casings and components of many 
electronic goods. They are environmentally persistent chemicals, 
some of which are highly bioaccumulative and capable of interfering 


with normal brain development in animals. Several PBDEs are 
suspected endocrine disruptors, demonstrating an ability to interfere 
with hormones involved in growth and sexual development. Effects 
on the immune system have also been reported. 


Both sediment samples from this channel also contained the hormone- 
disrupting chemical nonylphenol (in one case, as an isomeric mixture). 
Furthermore, one of these samples (that collected closer to the facility 
itself) contained a diversity of phthalate esters, chemicals used as 
plasticisers in a range of polymers (especially PVC), including the known 
reproductive toxins dibutyl phthalate (DBP) and di(2-ethylhexyl) 
phthalate (DEHP).This sample also contained residues of the hazardous 
organophosphorus flame retardant triphenyl phosphate (TPP), as well as 
two closely related chemicals which may be contaminants in, or primary 
degradation products of, TPP preparations. 


It was not possible to collect wastewater from the channel serving the 
other shredding facility on the Chendian to Guiyu road. Nevertheless, a 
sample of sediment from this channel revealed the presence of a diverse 
array of chlorinated and mixed chlorinated/brominated benzenes and 
chlorinated naphthalenes. The presence of the chlorinated naphthalenes 
may well arise from their former use as flame retardant additives in 
plastics and rubbers, though they have had a diversity of other uses. 


nonylphenol (NP) is a chemical most widely known as a breakdown 
product of nonylphenol ethoxylate (NPE) detergents, though it has 
reportedly also been used as an antioxidant in some plastics. It is a 
strong endocrine disruptor, capable of causing intersex (individuals 


with both male and female characteristics) in fish. Nonylphenol can 
also build up through the food chain and may be capable of causing 
damage to DNA and even sperm function in humans. 


DELHI, INDIA - 11 AUGUST 2005 - SPARKS FLY FROM A GRINDING MACHINE, 
WHILE OUNGSTERS SITTING A FEW METRES AWAY SORT DISCARDED 
COMPUTER PARTS IN PREPARATION FOR THE RECYCLING PROCESS. 


Although no similar facilities were identified and sampled in India, a single 
sample of shredded plastic waste collected from a workshop in 
Zarfarabad did contain PBDEs and the organophosphate flame retardant 
TPP, as well as traces of nonylphenol. Whereas concentrations of most 
metals were relatively low in this sample, antimony was present at a 
significant level (124 mg/kg), probably reflecting the presence of antimony 
trioxide in the plastic components being shredded (thought to be mainly 
keyboards and monitor housings). 


antimony (Sb) is a metal with a variety of industrial uses, including 
as a flame retardant (as antimony trioxide) and as a trace 
component of metal solders. In some forms, antimony shows many 


chemical similarities to arsenic, including in its toxicity. Exposure to 
high levels in the workplace, as dusts or fumes, can lead to severe 
skin problems and other health effects. Antimony trioxide is 
recognised as a possible human carcinogen. 


acid processing/leaching Several samples of acidic solid waste collected 
from open pits within two facilities located in Longmen village (China) 
and engaged in acid processing/leaching of electronic waste contained 
expected high levels of several heavy metals. These included lead (350- 
5400 mg/kg), tin (640-3600 mg/kg), copper (230-6600 mg/kg), antimony 
(360-1590 mg/kg) and nickel (27-940 mg/kg). These levels of copper, lead 
and tin are more than 100 times higher than typical background values 
for uncontaminated soils and sediments. Three of these four solid waste 
samples were found to contain traces of a number of chlorinated benzenes, 
while two also contained significant residues of PCBs and PBDEs. 


Phthalate esters were also in evidence, along with, in one of the four acid 
waste samples (collected from an open pool within one of the two 
facilities), a brominated nitrophenol of unknown origin. Highly acidic 
wastewater collected from the same open pool contained five different 
phthalate esters, an oxygenated derivative of triphenyl phosphate (TP P) 
and a chlorinated nitrophenol, again of unknown origin. Concentrations of 
metals were again expectedly high, including 31.8 mg/l antimony, 12.2 
mg/l cadmium, 774 mg/l copper, 153 mg/l nickel and 85.5 mg/I tin. 


triphenyl phosphate (TPP) is one of several organophosphorus 
flame-retardants used in electronic equipment, for example in the 
casings of computer monitors. TPP is acutely toxic to aquatic life 


and a strong inhibitor of a key enzyme system in human blood. It is 
also known to cause contact dermatitis in some individuals and is a 
possible endocrine disruptor. 


Comparison of a sample of sediment collected from the river upstream from 
the acid works with a similar sample collected downstream gives a clear 
indication of the nature and extent of contamination resulting from the 
activities taking place within these facilities. Concentrations in the 
downstream sample, as compared to the upstream sample, were more than 
20 times higher for antimony, mercury and nickel, around 10 times higher 
for cadmium and copper and between 3 and 6 times higher for lead, tin and 
zinc. M oreover, whereas the upstream sample (pH 6) contained only 15 
extractable organic compounds, dominated by non-halogenated 
hydrocarbons, the downstream sample (pH 4, i.e more acidic) contained 
more than 70 compounds, including the phthalate DEHP and 24 separate 


DELHI, INDIA - 11 AUGUST 2005 - 
A WORKER IN AN ELECTRONICS 
WASTE RECYCLING YARD IN DELHI. 


PBDE congeners. The acidification of the water and sediments, as well as 
making toxic metals more mobile and, therefore, more likely to have toxic 
effects, may in itself be expected to have substantial impacts on aquatic life. 


Phthalate esters and PBDEs were also among the organic contaminants 
detected in river sediments adjacent to two other acid working facilities, 
located close to the Guiyu to Nanyang road. Acidic solid wastes collected 
from the “ overflow” area adjacent to the larger of these two facilities 
contained high levels of copper, lead, tin and antimony, as expected, as well 
as elevated levels if nickel and silver. These wastes also contained PBDEs, 
PCBs and chlorinated benzenes, as well as a chlorinated and a propylated 
naphthalene derivative and, in one of the two samples, the phthalate ester 
DEHP. The adjacent river sediments were highly acidic and contained a 
similar range of metal contaminants along with the phthalate esters and 
PBDEs. A control sample collected from the same river some distance 
from the facility contained little in the way of organic contamination. 
Concentrations of many metals in this control sample were also tens to 
hundreds of times lower. 


polychlorinated naphthalenes (PCNs) were the precursors to the PCBs, 
once used extensively in capacitors and as insulating compounds in 
wiring (among many other uses). They also share many properties with 
the PCBs, including environmental persistence and toxicity to wildlife 
and possibly humans. Impacts on the skin, liver, nervous system and 
reproductive system have been reported in animals. 


Samples collected at an acid processing/leaching facility in New Delhi, 
located in a small workshop in the Mandoli Industrial Area, focused on 
materials and wastes at different stages in the leaching process. As 
expected, heavy metals detectable in the original ground plastic waste 
appear to be concentrated to very high levels in the final spent acid wastes 
(e.g. 68 mg/l antimony, 240 mg/| copper, 20 mg/l lead, 478 mg/I nickel, 
340 mg/l tin and 2710 mg/l zinc). Residues of phthalate esters and 
chlorophenols were also detectable in these acid wastes. 


Additionally, several samples collected in association with the acid 
processing facilities contained a number of so-far unidentified compounds 
showing fragmentation patterns characteristic for polyhalogented 
(probably polybrominated) organic compounds. Further research would be 
necessary in order to identify these. 


Aside from the obvious health and safety concerns which arise from the 
handling of concentrated acid solutions in these workshops, indications 
from workers that the contaminated spent acid wastes are simply disposed 
of to land also raises substantial environmental concerns. 


open burning Analysis of several (five) samples of ashes and partially 
burned electronic wastes collected from a dumpsite in the Longgang 
village of Guiyu (China) revealed both the extent and degree of variability 
of contamination of such wastes. Levels of each specific contaminant in 
these wastes almost certainly depend on the precise nature of the 
components burned as well as the techniques used. Cadmium, copper, lead 
and zinc were abundant in most samples. Levels of antimony were notably 
high, with concentrations in four of the five samples at or above 1000 
mg/kg and in one of these reaching 15200 mg/kg. 
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This latter sample also contained the greatest number and diversity of 
hazardous organic contaminants, including a range of chlorinated and 
mixed chlorinated/brominated benzenes, 2-bromophenol, 
tetrabromodiphenyl ether (a PBDE), 3,4-dibromostyrene, 1,3- 
dibromobutane and three isomers of tribromotoluene. Some or all of these 
may arise from their specific use as flame retardant additives in certain 
plastics though the possibility that some have been formed as products of 
incomplete combustion of electronic goods cannot be ruled out. Among the 
many other organic compounds identified were numerous polycyclic 
aromatic hydrocarbons (PAHs, typical products of incomplete 
combustion) and chlorinated biphenyls (PCBs), as well as more than 10 
additional compounds suspected to be halogenated but which could not be 
identified to any degree of reliability. A possible positive result for the 
most toxic dioxin congener, namely 2,3,7,8-tetrachlorodibenzo-p--dioxin 
(TCDD) was subsequently confirmed by an external laboratory accredited 
for dioxin analysis. It was not possible to analyse the other samples for 
presence of chlorinated dioxins, nor any of the samples for brominated 
dioxins (though their presence may well be anticipated). 


High levels of cadmium, copper, lead and zinc were also characteristic of 
ashes collected from two waste burning operations in New Delhi (India), 
at | brahimpur and Shashtri Park. PCBs, chlorinated benzenes and PAHS 
were also in evidence here. 


mercury (Hg) is still used in some batteries and lighting components 
for flat screen electronic displays, and was formerly used also in 
switches and relays. Mercury and its compounds are highly toxic, 
causing damage to the central nervous system and kidneys. Once in 


the environment, mercury can be converted to its organic methylated 
form by bacterial activity, a form, which is highly bioaccumulative, as 
well as being toxic. 


storage of wastes for processing Soil and dust samples collected from 
two locations in New Delhi (Kantinagar and Brijgang) used to store 
cathode ray tubes (CRTs), from televisions or computer monitors, 
demonstrated the potential for contamination of these materials with 
heavy metals from the tubes. Cadmium, zinc and yttrium sulphides have 
been used in the “phosphor” coatings inside CRTs while lead oxide occurs 
in the glass itself. Levels of all these metals were elevated in the dusts and 
soils collected in the CRT storage areas. 


MUYU, CHINA - 13 FEBRUARY 2004 - A MIGRANT 
WORKER REMOVING COPPER FROM AN AIR- 
CONDITIONING UNIT, THEN RECYCLING THE 
REMAINING ALUMINIUM IN MUYU,TAIZHOU CITY, 
ZHEJIANG PROVINCE. 
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conclusions Although clearly not an exhaustive study of “e-waste” 
recycling facilities in either country, the results summarised above do 
provide an illustration of the breadth and scale of health and 
environmental concerns arising from this industrial sector. Both wastes 
and hazardous chemicals used in the processing are commonly handled 
with little regard for the health and safety of the workforce or surrounding 
communities and with no regard for the environment. Overall, the result is 
severe contamination of the workplace and adjacent environment with a 
range of toxic metals and persistent organic contaminants. 


Clearly, it is not possible from the results of this study to evaluate the 
damage likely to be caused to human health from these widespread 
practices. Nor was it possible to conduct a comprehensive survey of the 
full extent of environmental impacts arising from each facility, or from the 
sector as a whole, in either country. Nevertheless, the results do indicate 
that exposure to hazardous chemicals arising from the waste-stream can 
be locally severe. Further research would be necessary in order to identify 
and quantify the full impact of this industrial sector, including studies on 
the health of workers and of residents in adjacent communities. 


In the mean time, however, the data available do provide a compelling case 
for immediate action in both countries to address workplace health and 
safety and waste management. 


The problems identified are greatly exacerbated by the poor working 
practices and lack of responsible waste management in the areas sampled 
in this study. However, the fact that wastes generated by every stage of the 
recycling process are contaminated with a range of toxic heavy metals and 
persistent organic pollutants is a direct result of the use of these 
hazardous materials in electronic goods at the manufacturing stage. 
Therefore, as well as bringing to light some of the many unseen impacts of 
the vast and growing electronics waste stream, and the need for much 
tighter controls both on the transboundary movement of such wastes and 
the manner in which they are recycled, this study also adds weight to the 
need to redesign and reformulate all new electronic goods in order:- 


« to facilitate proper dismantling and component separation and 
» to avoid the use of hazardous chemical components at source. 


The European Directive on Waste Electrical and Electronic Equipment 
(WEEE) and the related Restrictions on Hazardous Substances (RoHS) 
go some way towards addressing the problem, though applying only 
regionally and covering only a fraction of all the hazardous substances 
used in electronics manufacturing. 


In short, this study provides a further illustration of the urgent need for 
manufacturers of electronic goods to take responsibility for their products 
from production through to the end of their lives. As a major contribution 
towards addressing these problems, manufacturers must develop and 
design clean products with longer life-spans, that are safe and easy to 
repair, upgrade and recycle and will not expose workers and the 
environment to hazardous chemicals. 


MUYU, CHINA - 13 FEBRUARY 2004 - A MIGRANT 
WORKER POURING LIQUID ALUMINIUM INTO MOULDS 
IN MUYU, TAIZHOU CITY, ZHEJ |ANG PROVINCE. 


DIAGRAM 1: DIFFERENT STAGES OF E-WASTE RECYCLING PROCESSES SAMPLED IN INDIA AND CHINA 
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The production of electrical and electronic equipment is increasing worldwide (Cui and Forssberg 2003) and the lifespan of some of the equipment is 
very short. For example, computers in the early 1980s were used on average for about ten years but their lifespan has since reduced to an average of 
about three years. This is due to the rapid and continual improvements in technology, which quickly outdate older models. M obile phones too become 
outdated and are replaced on average after about two years (Boghe 2001). As a consequence of the increasing market expansion in electrical and 
electronic goods and their short lifespan, the waste stream of these products, commonly called “e-waste”, is fast growing. 


This is a significant problem because some of the products, including computers and mobile phones, contain heavy metals and other chemicals, which are 
hazardous, and are consequently a threat to the environment and to human health. M uch of this electronic waste (“e-waste”) goes into the normal 
municipal waste stream to be landfilled or incinerated. Indeed, electrical and electronic waste has been identified as one of the largest sources of heavy 
metals and organic pollutants in municipal waste (Boghe 2001), and is identified as the fastest growing waste stream (Betram et al. 2002). 


As noted by UNEP (2005): “Every year, 20 to 50 million tonnes of electrical and electronic equipment waste (“e-waste”) are generated world- 
wide, which could bring serious risks to human health and the environment. While 4 million PCs are discarded per year in China alone.” 


In an attempt to overcome the waste disposal problems, recycling schemes are now being set up to recover some of the metals and plastics in the waste. 
In the 1990s, governments in the European Union, J apan and in some states of the USA set up “e-waste” recycling schemes. For example, in Germany 
(Zhang and Forssberg 1998), Switzerland (KUnzler Bossart & Partner GmbH 2001) and Taiwan (Shih 2001), legislation has been implemented which 
requires that manufacturers take back domestic electrical/electronic goods at the end of their lifespan. 


Within the European Community, two directives have been adopted, namely the directive of the E uropean Parliament and the European Council on Waste 
Electrical and Electronic Equipment (WEEE) and the directive on the Restriction of the Use of Certain Hazardous Substances in Electrical and 
Electronic Equipment (RoHS). These directives necessitate, among other requirements, that M ember States are responsible for ensuring that the 
producers set up systems for treatment and recovery of electrical and electronic waste (Feszty et a/. 2003), as well as placing prohibitions on the use of 
certain hazardous substances in the manufacture of electrical/electronic goods at the outset. 


It remains the case, however, that many countries do not have the capacity to deal with the sheer quantity of “ewaste” they generate or with its content 
of hazardous chemical constituents. For this reason, these countries began exporting the problem to Asian countries in which legislation to ensure take- 
back and safe and environmentally sustainable recycling and disposal practices is lacking. Here the products are dismantled, with some materials 
recovered for reuse and the remainder disposed of to land or water courses. 


In many parts of Asia, few controls are in place and dismantling and recycling of electronic wastes is frequently carried out in small workshops and 
industrial units with little in the way of exposure or emission controls for hazardous constituents of the waste stream. 


The United Nations Environment P rogram (UNEP) has recently proposed establishing a network of policy makers and experts to help deal with the problem of 
electrical/electronic waste in Asia and the Pacific (UNEP 2004). For the present, however, the dectronic waste (“waste”) recycling sector in many parts of Asia 
remains largely unregulated. It is also poorly studied with regard to its impacts on the environment and on the health of recycling workers and surrounding communities. 


As noted above, many of the components that make up electrical/electronic products are hazardous, and therefore both the disposal and recycling of “e- 
wastes” is of concern. Hazardous chemicals may be released from the “e-wastes” through disposal or recycling processes, with the potential to expose 
workers as well as input these chemicals into the environment. 


In China and India, many facilities where “e-wastes” are processed and materials recovered for recycling are often small independent workshops. There is 
often little or no real controls over the materials processed, the processes used, or the emissions and discharges from these facilities. 


This study was undertaken to investigate the types of activities being carried out in this sector, and provide a snap-shot of contamination of the workplaces and surrounding 
environments with hazardous chemicals from the wastes being processed. 1n both China and | ndia, the recycling of “e-wastes” is known to occur in many locations. This 
study focuses on workshops in just one area for each country; New Delhi in India and around Guiyu in China, a town close to Shantou City in Guangdong P rovince. 
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In March 2005 Greenpeace visited recycling facilities for electrical and electronic wastes (“” e-wastes””) at locations in China and India. In China, 
facilities were visited in and around the town of Guiyu, close to Shan Tou City, Guangdong Province in southern China. In India, the investigation was 
centred on workshops in New Delhi, mainly in the E ast Delhi area. 1n both countries recycling operations were generally taking place in small backstreet 
workshops, and in some instances in the open air. At the workshops visited, the materials being recycled were primarily computers and their peripheral 
equipment (monitors, keyboards, printers) with the aim of recovering components and raw materials (e.g. plastics, copper). 


Samples were collected from a range of recycling activities. The sectors were common to both countries, though in some cases the actual techniques 
employed differed between workshops in China and India. The recycling sectors included; 


* Separation, processing and recycling of plastics 

* Manual separation of products 

* Removal and collection of solder using heating 

* Acidic extraction of metals from complex mixtures 

« Burning of wastes to remove combustible plastics and isolate metals 

* Glass recovery from cathode ray tubes (CRTs) 

Samples included a range of wastes produced by the recycling activities as well as environmental samples from locations around the workshops to 
demonstrate the wider impacts of the various recycling activities. 


All samples were collected and stored in pre-cleaned glass bottles that had been rinsed thoroughly with nitric acid and analytical grade pentane in order 
to remove all heavy metal and organic residues. Wastewater samples were collected in a 1 litre screw-cap bottle. Solid samples (recycling waste, ash, soil, 
sediment & dusts) were collected in 100ml bottles. All samples were kept cool and returned to the Greenpeace Research Laboratories for analysis. 
Detailed description of sample preparation and analytical procedures are presented in Appendix 1. 


i plastic recycling 


At the workshops in both India and China, plastic removed from waste electrical and electronic equipment is processed and recycled in a similar way. The 
plastic materials that can be manually separated from waste electronic products are mechanically shredded to produce small fragments. In some cases 
the plastic fragments are then crudely segregated, typically by mixing with water to separate those plastics that float from those that do not. Plastic 
fragments are reused directly, or processed further by mechanically grinding to produce fine powders prior to reuse. 


Workers in China and India reported that the plastics being recycled included ABS (acrylonitrile-butadiene-styrene), high-density polystyrene, HDPE 
(high-density polyethylene) and PVC (polyvinyl chloride). 


TABLE 2.1: DESCRIPTION OF SAMPLES ASSOCIATED WITH PLASTIC RECYCLING ACTIVITIES IN GUIYU, CHINA AND NEW DELHI, INDIA, 2005 


SAMPLE # SAMPLE TYPE AREA SAMPLE LOCATION 
CHINA 
CH05001 dust Longgang _ floor of plastic shredding & heat-extruding workshop (A) 
CH05002 dust Longgang _ floor of plastic shredding & heat-extruding workshop (A), around the mechanical plastic shredded 
CH05003 dust Longgang _ plastic shredding & heat-extruding workshop (B) 
CH05004 dust/soil Longgang street between shredding workshops A & B 
INDIA 
1T05012 plastic fragments Zarfarabad shredded plastic from electronics goods 
1T05014 plastic powder Gaziabad mechanically ground plastic fragments 
1T05015 dust Gaziabad floor of workshop where plastic is mechanically ground 


In China, two workshops were visited in the Longgang area of Guiyu. At both facilities, plastic waste was mechanically shredded, and new products 
produced by heated extrusion of shredded plastic material. Two samples of dusts were collected from the floor of one workshop (A), one composite sample 
(CH05001) from the floor of the whole workshop, and a second sample (CH05002) from the floor in the area around the shredder unit. At a second 
workshop (B), approximately 100m away from workshop (A), another sample of dust (CH05003) was collected from the workshop floor. A sample of 
street dust/soil (CHO5004) was also collected from the road on which both workshops were situated, approximately half way between the two workshops. 


Samples were also collected from plastic recycling workshops in New Delhi, India. One sample of shredded plastic fragments (1T05012) was collected 
from a workshop in Zarfarabad. Two samples were collected from a separate workshop in Gaziabad where plastic fragments are ground to a fine powder 
for reuse; a sample of the finely ground plastic powder (1T05014), and dust (1T05015) from the floor of the workshop. 
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ii manual printed circuit board separation & solder recovery 


At workshops in both China and India, the primary activity in this recycling sector is the manual separation of components from printed circuit boards 
and the manual separation of some of the larger components into individual parts. M etallic solder used to link components to each other and to circuit 
boards is also recovered during these processes. 


TABLE 2.2: DESCRIPTION OF SAMPLES ASSOCIATED WITH THE MANUAL SEPARATION OF COMPONENTS AND RECOVERY OF SOLDER AT RECYCLING WORKSHOPS 
IN GUIYU, CHINA AND NEW DELHI, INDIA, 2005. § SIGNIFIES ANALYSIS OF 631M SIEVED FRACTION 


SAMPLE # SAMPLE TYPE AREA SAMPLE LOCATION 
CHINA 
CH05012 dust § Beilin floor of separation & solder recovery workshop (A) 
CH05013 dust § Beilin floor sweepings, separation & solder recovery workshop (A) 
CH05014 dust § Beilin floor of separation & solder recovery workshop (B), using open flame heating 
CH05026a dust § Beilin floor of separation & solder recovery workshop (C) 
CH05011 solder Beilin from heated plate, solder recovery workshop (A) 
CH05026b solder Beilin floor of solder separation & recovery workshop (C) 
CH05018 house dust § GuiyuTown home of solder recovery worker 
CH05019 house dust § GuiyuTown home of solder recovery worker 
CH05035 house dust § GuiyuTown home of neighbour NOT employed in e-waste recycling 
INDIA 
1T04001 dust § Zarfarabad floor of circuit board & component separation workshop 
1T05007 dust § Shashtri Park floor of circuit board & component separation workshop 
1T05008 dust § Shashtri Park floor of open-air rooftop workshop; circuit board heated on kerosene burners to recover solder 
1T05011 dust § Zarfarabad floor of circuit board & component separation workshop 
1T05018 dust § Mayapuri _ floor of battery separation workshop, mainly lead batteries 
1T05029 dust § Buradi _ floor of battery separation workshop, range of batteries 
1T04002 solder Zarfarabad recovered from circuit board (location as 1T04001) 
1T05009 solder Shashtri Park recovered from circuit board (location as 1T05008) 
1T05022 dust/soil © Shashtri park narrow street; area of recycling workshops 
1T05023 dust/soil © Shashtri park narrow street; area of recycling workshops 
1T05024 dust/soil © Shashtri park narrow street; area of recycling workshops 
1705025 dust/soil © Shashtri park narrow street; area of recycling workshops 
1705027 dust/soil Kailashnagar —_ narrow street; no known recycling activities in area 
1T05028 dust/soil ae ae street in residential area; no known industrial or recycling activities in area 


Prior to analysis all workshop dust samples described above were sieved through a 631m mesh to isolate the fine dust fraction from small pieces of 


solder and other small materials/components. 


workshops in China 


At the workshops visited in China, printed circuit boards were placed onto a metal plate heated over a burner in order to melt the connecting solder. The 
heated metal plates held a pool of molten solder to aid the melting of solder from the circuit board. Solder melted from the circuit board became part of 
the molten pool on the hotplate. After the solder was melted, individual electrical components on the circuit boards were manually separated. 


In the Beilin area of Guiyu, a sample of molten solder (CH05011) was collected from one of the heated metal plates in a small backstreet workshop (A). 
A sample of dust (CH05012) was collected from the floor of this workshop. A second sample of dust (CH05013) was collected from a container used to 
store dust sweepings from the workshop floor. A sample of dust (CH05014) was collected from the floor of a neighbouring workshop (B) where circuit 
board solder was being melted by heating over an open flame rather than using a hotplate. This method resulted in greater burning of the circuit board 
base. In a different part of Bei Lin, approximately _ km from workshops (A) & (B), a sample of dust (CH05026a) was collected from a third workshop 
(C) where heated metal plates were used to melt circuit board solder. A sample of recovered solder (CH05026b) was also colleted from this workshop. 
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As a preliminary investigation into whether workers involved in this type of solder recovery were transporting materials from the workshops back to their 
homes, two samples of house dust (CH050018 & CH05019) were collected from separate homes of two workers employed in this sector. For 
comparison, a sample of dust (CH05035) was also collected from a neighbouring house where none of the residents are employed in any form of work 
involving electronic wastes. 


workshops in India 


At workshops in India, a wide range of “e-wastes” are separated into their individual components by hand. Components are typically separated from 
printed circuit boards using a hammer and chisel. Following separation, some larger components are further separated into smaller parts in a similar 
way, primarily to recover metals. After removal of the recyclable materials, primarily copper and other metals, the residues are usually taken to acid 
processing workshops where metals are chemically recovered from the residues (see Section 2.4.4). 


A number of small backstreet workshops were visited where this work was taking place. Samples of dust were collected from the floor of workshops in 
the Shashtri Park (1105007) and Zarfarabad (1T0511) areas of East Delhi. 1n November 2004, a sample of floor dust had already been collected from 
a neighbouring workshop in the Zarfarabad area (1T04001) along with a sample of solder that had been recovered from circuit boards (1704002). 


At workshops in the same area, solder is recovered from printed circuit boards by heating them over an open-flame kerosene burner. Use of heated metal 
plates as observed in China was not seen at the workshops in New Delhi. A sample of dust (1T05008) was collected from the floor of an open-air rooftop 
workshop in Shashtri Park where this activity was taking place. A sample of solder recovered from circuit boards was also collected (1T05009). M any 
more similar rooftop workshops were observed in the neighbourhood. 


Batteries isolated from “e-wastes” are separated into their individual components in small workshops dedicated to this work. A sample of dust 
(1T05018) was collected from the floor of such a workshops in the M ayapuri area of New Delhi where primarily lead acid batteries are recycled, 
including lead acid computer batteries. A second dust sample (1T05029) was collected from the floor of a workshop in the Buradi area of South Delhi 
where a wider range of batteries are recycled. 


In one area of Shashtri Park, East Delhi, many small workshops were observed within a small neighbourhood. A number of samples of dust/soil 
(1T05022-1T05025) were collected from the narrow backstreets in this neighbourhood to investigate impacts on the local environment from these 
activities. The narrow backstreets had little motorised traffic and all samples were collected at least 100m from major roads. For comparison a sample 
of dust/soil (1T05027) was collected from a narrow backstreet in the Kailashnagar area of East Delhi, a similar neighbourhood to that of Shashtri Park 
but with no known electronic waste recycling activities in the area. A further sample (1105028) was collected from a backstreet in a residential area of 
Safourjung, South Delhi with no known industrial or recycling activities. Again, both samples were collected at least 100m from major roads. 


iil separation and mechanical shredding 


In addition to the separation of components from printed circuit boards described above, other components of waste electronic products are separated 
and materials recovered from them for reuse. 


TABLE 2.3: DESCRIPTION OF SAMPLES ASSOCIATED WITH THE SEPARATION AND MECHANICAL OF MATERIALS AT RECYCLING WORKSHOPS IN GUIYU, CHINA, 2005 


SAMPLE # SAMPLE TYPE AREA SAMPLE LOCATION 


CH05015 sediment Guiyu-Nanyang Road shredder workshop; wastewater discharge gully 
Lianjiang bridge 


CH05032 shredded components Guiyu-Nanyang Road — shredder workshop; dumped adjacent to workshop 
Lianjiang bridge 


CH05033 groundwater Guiyu-Nanyang Road shredder workshop; adjacent hand pump 
Lianjiang bridge 

CH05036 sediment | Chendian-Guiyu Road, shredder workshop A wastewater discharge channel, as it enters the Lianjiang 
near Fucaodu Bridge (see CH05038) 

CH05037 sediment Chendian-Guiyu Road, — shredder workshop A wastewater discharge channel, at the point of discharge 
near Fucaodu Bridge (see CH05038) 

CH05038 wastewater Chendian-Guiyu Road, — shredder workshop A discharge pipe to channel . workshop 750m from 
near Fucaodu Bridge  Chendian-Guiyu Road 

CH05039 sediment Chendian-Guiyu Road, = shredder workshop B wastewater discharge channel, at point of discharge. 
near Fucaodu Bridge 500m from Chendian-Guiyu Road 

CH05020 dust Nanyang floor of printers dismantling workshop 

CH05021 soil/sediment Nanyang — shallow pool, in yard outside printer dismantling workshop 

CH05022 groundwater Nanyang hand pump, in yard outside printer dismantling workshop 
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mixed e-waste shredding and separating facilities 


The shredding of electronic wastes was observed at a number of workshops in Guiyu, China. This is a separate sector to the shredding of plastics 
separated from e-waste as described in Section 2.1. By far the main material being shredded was printed circuit boards from which individual 
components had been removed. The shredded material was shaken on large vibrating platforms that were continually washed with water in order to 
separate heavier materials such as metals from lighter materials, including plastics. 


The main material being recovered by this process appeared to be metals, including solder. At one facility, where sediment sample CH05039 was 
collected, crude solder recovered from circuit boards is purified by melting in open vessels over a fire, and the liquid solder decanted off. Any plastic in 
the crude solder is simply burnt off. 


Water used in the vibrating platform separation process is not reused, and large quantities of wastewater are discharged, typically containing very high 
levels of suspended solids. These facilities were situated on, or close to, the banks of rivers that supply water for the processing and received the 
wastewaters produced. No form of treatment was observed prior to the discharge of wastewaters. 


One workshop is located close to where the Guiyu-Nanyang Road crosses the main river Lianjiang, in an open shed on the banks of a river (approximately 
200m from a large acid working area described in Section 2.4.3). This river runs parallel to the main Lianjiang, but is separated from it by a raised 
dyke. It was not possible to collect any wastewater discharged by this workshop, but a sample of sediment (CH05015) was collected the wastewater gully 
through which wastewaters are discharged to the river. None of the waterways around the workshop were found to contain acidic water, and there was no 
other evidence of the use of acid at this facility. 


Large quantities of shredded material had been dumped immediately behind the shredding and separating workshop. A sample of this material 
(CH05032) was collected for analysis. A sample of ground water (CH05033) was also collected from a hand pump adjacent to the workshop. This 
samples was primarily collected to investigate impacts of the ground water from the nearby acid working area (see Section 2.4.2). 


Two similar workshops are located along a path that runs from Chendian-Guiyu Road where it crosses F ucaodu Bridge, on the border of Guiyu and 
Chendian Dian. At each workshop, wastewaters are discharged via a pipe into a separate shallow channel that carries them to the Lianjiang. At both 
facilities the wastewaters contained very high levels of suspended solids, but neither discharge was acidic. |t was not possible to access the Lianjiang in 
this area to collect samples of river sediment. 


At the workshop situated furthest (750m) from Chendian-Guiyu Road, a sample of wastewater (CH05038) was collected at its point of discharge from a 
pipe into a shallow channel. A sample of sediment (CH05037) was collected from the channel at this point. A second sample of sediment (CH05036) was 
collected from the channel immediately before it entered the Lianjiang, 150m down from the pipe discharge. At the workshop closer to Chendian-Guiyu 
Road, a sample of sediment (CH0539) was collected from a separate discharge channd,, at the point where wastewaters were discharged to it via a pipe. 


In India the shredding and grinding of printed circuit boards and other components was only observed as part of the recovery of copper from mixed 
wastes by leaching with acids. Two samples from this activity (1T05001 & 1T05002) are described in Section 2.4.4. 


printer storage and dismantling workshop 


In a number of workshops in Guiyu, China, other computer periphery equipment is dismantled and materials recovered. At a small workshop in the 
Nanyang area printers and some of their individual components are dismantled and materials recovered. A sample of dust (CH05020) was collected from 
the floor of the workshop. This material contained a high proportion of fine black powder, believed to be printer ink. 


Prior to dismantling, printers are stored in a yard immediately outside the workshop. Workers reported that, after finishing dismantling work, they washed 
in a shallow pool of water in the yard. A sample of soil/sediment (CH05021) was collected from this pool. A sample of ground water (CH05022) was 
also collected from a hand pump in the same yard. This ground water is not used for drinking as when used to make tea this water produces a dark black 
solution with fine black precipitate, rather than a clear pale yellow solution produced with water from outside the area. The owner of the workshop 
reported other sources of groundwater in the area gave the same effect and that historically this had not occurred. At a separate workshop in Huamei 
village, approximately 1.5 km from this hand pump, acidic wastes are disposed into the environment, and may be affecting the groundwater in the area 
(see Section 2.4.2). 


iv acid processing of wastes 
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Electronic wastes contain a wide range of metals. These are present in many forms, as pure metals, as mixtures (alloys) of different metals, and as metal 
compounds. M any of these materials will dissolve in strong acids, and can therefore be chemically separated from other materials that will not (e.g. 
plastics). Metals can subsequently be recovered from the acidic solutions. |n Guiyu, China, the workshops using acids to extract materials from electronic 
wastes are sited in the open on the banks of rivers. |n New Delhi, India this type of activity takes place in small, enclosed workshops. 


China; Longmen village 


Three open-air workshops using acid to extract materials from “ewastes” are located in Longmen village, an area approximately 1 km from central 
Guiyu town. The workshops are situated on the banks of a very slow flowing river; it was not possible to ascertain the name of the river (Figure 1). 


At the upstream working area, a shallow drainage pit is located adjacent to the working area, approximately 20m from the river. This pit was dry, but 
contained black waste residues and appeared to have previously received large quantities of wastewaters. A smaller pool containing water and black 
residues is situated between the dry pit and the river. This smaller pool is directly connected to the river, but not directly connected to the shallow pit. 
However, wastewaters had visibly leached from the dry pit into this pool in the recent past. 


TABLE 2.4: DESCRIPTION OF SAMPLES ASSOCIATED WITH THE ACID PROCESSING OF WASTES IN GUIYU, CHINA AND NEW DELHI, INDIA, 2005 


SAMPLE # SAMPLE TYPE AREA SAMPLE LOCATION 
CHINA 

CH05005 soil & acid residues Longmen dry shallow pit, upstream working area 

CH05006 sediment Longmen _ river, upstream of all working areas 

CH05007 soil & acid residues Longmen smaller sump furthest from the river, central working area 

CH05008 sediment Longmen __ river, downstream of all working areas 

CH05009 sediment Longmen _ pool in channel between main sump and river, central working area 

CH05010 wastewater Longmen pool in channel between main sump and river, central working area 

CH05045 soil & acid residues Longmen — small pool, upstream working area 

CH05023 sediment Huamei stream, opposite corner of working area to CH05024 

CH05024 sediment Huamei stream, adjacent to wastewater directly entering from the channel 

CH05025 wastewater Huamei one of the four wastewater sumps 

CH05016 soil & solid residues  Guiyu-Nanyang Road crossing _ larger working area, middle of overflow area 

CH05017 soil & solid residues Guiyu-Nanyang Road crossing _ larger working area, channel between overflow area and the river 

CH05030 sediment | Guiyu-Nanyang Road crossing _ river by larger alt etic adjacent to the edge of the overflow area, 
furthest from the working area 

CH05031 sediment  Guiyu-Nanyang Road crossing _ river by larger working area, adjacent to the channel from the overflow area 

CH05027 sediment  Guiyu-Nanyang Road crossing —_Lianjiang, by smaller working area. F urthest from wastewater discharge 
channel ?cH05028) 

CH05028 soil & acid residues | Guiyu-Nanyang Road crossing smaller working area by Lianjiang; dry unlined discharge channel between the 
working area and the river 

CH05029 sediment  Guiyu-Nanyang Road crossing (bearer? smaller working area, adjacent to wastewater discharge channel 

CH05034 sediment  Guiyu-Nanyang Road crossing smaller river, 0.5 km from larger acid working area, in a duck breading area 

INDIA 

T05001 powdered components andoli ground components removed from circuit boards 

T05002 slurry andoli slurry of water & ground circuit boards components 

T05003 process water andoli acid extracting solution 

T05004 wastewater andoli acid extraction solution prior to disposal 

T05005 burned fragments andoli fragments from burned circuit boards 

T05006 ash andoli_ ash from burned circuit boards 

T05021 copper metal andoli recovered from acid extraction solution 
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Two samples were collected from this upstream working area; mixed soil and solid waste residues from the dry drainage pit (CH05005) and from the 
smaller water filled pool (CH05045). A sample of sediment was also collected from the river (CH05006) upstream of this, and all other, working areas. 


FIGURE 1: SKETCH MAP OF THE THREE ACID WORKING AREA ON THE BANKS OF A RIVER, LONGMEN VILLAGE NEAR GUIYU TOWN, CHINA MAP IS NOT TO SCALE 


The central and main working area, located approximately 200m downstream, contained two large wastewater sumps that had been excavated in the 
ground and lined with a thin layer of natural clay. Wastewater was clearly permeating through the narrow ground between the sumps and the river. The 
main sump, that closer to the river, is connected to the river by a narrow channel that flows via a smaller pool. The sump, the connecting channel and the 
smaller pool all contained highly acidic water. Samples of water (CH05010) and bottom sediment (CH05009) were collected from the smaller pool 
connecting the main sump and the river. 


A smaller separate sump, somewhat further from the river, is connected to a narrow channel that appeared to connect to the river downstream of the 
working area. This sump also contained highly acidic water over 1m deep. A sample of mixed solid waste/soil (CH05007) was collected from the bottom 
of this sump, close to its outlet channel to the river. 


The third working area was located approximately 100m downstream of the central, main working area. This third area appeared to have been recently 
constructed and there was little evidence of e-waste processing here. However, the one water sump in this area did contain highly acidic water. There was 
no outflow channel connecting this sump to the river. No samples were collected from within this working area, but a sample of sediment (CH05008) was 
collected from the river immediately downstream of this, and all other acid working areas. 


China; Huamei 


A large open-air acid working area was visited in Huamei. At this location, four large sumps had been excavated in the ground to a depth of 
approximately 1m and lined with natural clay approximately 50cm thick. All sumps contained highly acidic waters (pH=0). Sealed containers that were 
reported by locals to contain hydrochloric and nitric acids were stored in an open area adjacent to the four sumps. This area appeared to have been used 
for treating wastes with acid. 


A shallow channel had been created around the perimeter of the four sumps, this channel also contained highly acidic wastewater (pH =0) that appeared 
to be leaching from the sumps. Wastewater had broken through the walls of this perimeter channel and was flowing into an adjacent stream running 
along one edge of the working area. |n addition, wastewaters were clearly leaching through the ground between the perimeter channel and the stream. 
The water in the stream, which did not appear to be flowing at the time of sampling, was also acidic, with a pH of 2. 


A sample of wastewater was collected from one of the four sumps (CH050025). Samples of sediment were collected from the stream, one (CH05024) 
adjacent to where wastewaters were entering directly from the channel around the sumps, and a second (CH05023) from the opposite corner of the 
working area. A sample of ground water (CH05022) was also collected approximately 1.5 km from this acid working facility, see Section 2.3.2. 


China; Guiyu-Nanyang road crossing of Lianjiang 


The Guiyu-N anyang Road crosses the main Lianjiang, which runs perpendicular to the road. Close to this crossing, a raised dyke separates the Lianjiang 
from a separate smaller river that runs parallel to it. 1t was not possible to determine if these two rivers are connected elsewhere via the complex 
network of interconnecting waterways in this low-lying area. At the time of sampling there was no visible flow in either river. In this area the Lianjiang 
was highly sedimented and its surface covered in thick vegetation. 


Two open-air acid working areas are located in this area. The largest workshop is located on the banks of the smaller river, approximately 0.9 km from 
Guiyu-N anyang Road. The smaller working area is situated on the banks of the main Lianjiang, approximately 1.3 km from Guiyu-Nanyang Road. The 

smaller river (not the main Lianjiang) on which the larger acid workings is situated, is the same as that which receives wastewaters from a workshop 

where circuit boards are mechanically shredded, approximately 200m along the river (see Section 2.3.1). 
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At the larger acid working area, that closest to the Guiyu-N anyang Road, wastewaters from the fenced working area flow onto a large adjoining area of 
waste ground, which is covered with many shallow pools of black wastewaters. Black solid wastes have also been dumped on this waste ground. This area 
is separated from the river by a narrow path less than 1m wide. Near the working area, a narrow channel crosses the path, connecting the overflow waste 
ground area and the river. Acidic water also appeared to be leaching from the waste ground into the river. At this workshop, access was only possible to 
the area outside the fenced working area. 


One sample of mixed soil and solid acidic waste residues (CH05016) was collected from the middle of the waste ground area, and another from the 
narrow channel between this area and the river (CH05017). Two samples of sediment were collected from the river, one adjacent to the narrow channel 
connecting the overflow waste ground area and the river (CH05031), and one by the edge of the overflow waste ground area furthest from the enclosed 
working area (CH05030). At both locations the river was highly acidic (pH=1). 


A third sample of river sediment (CH05034) was collected approximately 500 m from the acid working area to determine the nature of the river 
sediment when not immediately impacted by acidic discharges. This part of the river is used for duck breeding. The river water in the area from where this 
sediment sample was collected was not acidic (pH =7). 


A sample of ground water (CH05033) was also collected from a hand pump adjacent to a shredding and separating workshop situated approximately 
200m along the river (see Section 2.3.1). The release of highly acidic wastewaters from the acid-processing workshop may have impacted the 
groundwater at this hand pump. There was no evidence of the use of acids at the shredding and separating workshop. 


FIGURE 2: SKETCH MAP OF THE TWO ACID WORKING AREAS, AND THE SHREDDER WORKSHOP NEAR THE GUIYU-NANYANG ROAD CROSSING OF LIANJIANG, 
NEAR GUIYU TOWN, CHINA. MAP |S NOT TO SCALE 
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A smaller acid working area is situated on the banks of the main Lianjiang, approximately 1.3 km from Guiyu-N anyang Road. At this workshop, a 
wastewater discharge channel flows from one side of the enclosed working area into the Lianjiang. At the time of sample collection, this channel was dry 
but contained acidic black residues demonstrating discharges at other times. A sample of mixed soil and waste residue (CH05028) was collected from 
this channel. Two samples of sediment were also collected from the Lianjiang in the vicinity of the working area, one close to the entry point of the 
discharge channel (CH05029), and one by the edge of the working area furthest from the discharge channel (CH05027). 


India; Mandoli industrial area 


From the reports of workers involved in the processing of electronic wastes with acids in India, the aim of this activity is solely to extract copper from 
mixed wastes. There is often some physical separation of complex wastes prior to extraction with acids, and some materials are burned on open fires to 
remove plastics prior to extraction. 


A small back street workshop was visited in the Mandoli Industrial Area of East Delhi where the various stages in this processes were observed. 
Components, including those previously removed from printed circuit boards (see Section 2.2.2), are brought to this workshop where they are 
mechanically ground to a fine powder, which is then sieved to remove larger metal fragments. The powder is mixed with water to produce a slurry which 
is then treated with acidic solutions to extract metals. Workers reported that a mixture of concentrated hydrochloric acid and nitric acid are used in this 
process. Open barrels containing fuming acids were observed in the workshop. Workers reported that materials are first extracted with concentrated acid, 
and subsequently with weaker acid solutions. None of the workers using the acid solutions had any form of protective equipment to prevent damage to 
their skin and eyes from acid splashes and spills, or to protect against breathing acidic vapours. 
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Printed circuit boards from which individual components have been removed are also extracted with acid. Whole circuit boards are extracted with 
concentrated acid, the board is then removed and burned on an open fire adjacent to the workshop. Burned circuit board fragments are separated from 
the ash by sieving and then further extracted with acid. The ash created by the open burning is simply left of the ground at the site of the fire. 


A sample of ground component powder (1T05001) and of the slurry made with the powder from a separate batch of components (1T05002) was 
collected from this workshop. Samples of burned circuit board fragments (1T05005), and of the ash produced by the burning of circuit board were also 
collected (1T05006). 


Following the extraction of metals from the various wastes, the acidic solution is separated from insoluble material and then iron sheeting is placed into 
the acid solution to recover metallic copper. Over time, a chemical reaction occurs causing the dissolved copper compounds in the acid solution to become 
deposited as copper metal on the surface of the iron sheeting, while the metallic iron becomes dissolved iron compounds. It is possible, however, that other 
metals extracted from the wastes into the acidic solution may also deposit with the copper, producing an alloy of copper and other metals. A sample of 
deposited copper metal was collected from one of the iron sheets (1705021). Workers reported that when no further copper can be recovered from the 
acidic solution it is disposed of by pouring onto open waste ground. 


A sample of acid solution that had been used to extract electronic wastes (1T05003) was collected to determine the range and quantities of metals 
and other chemicals extracted from the wastes. A sample of acid wastewater ready for disposal, from which copper had been recovered, was also 
collected (1T05004). 


v burning of wastes 


At workshops in both China and India, some “e-wastes” are burned on open fires to recover metals from plastics in which they are encased, this includes 
plastic coated wires as well as other complex components. 


In China, ashes and solid wastes from this type of recovery operation were found to have been discarded at an unofficial open dumpsite on the edge of the 
Longgang area of Guiyu. This dumpsite contained wastes derived from electronic goods as well a wide range of other wastes. Some waste electronics are 
burned at the dumpsite on open fires and metals recovered. A sample of mixed ash and soil (CH05040) was collected from an area where such burning 
had just been completed. 


Other wastes appeared to have been burned elsewhere and the residue dumped at this site. Three samples of such residues were collected from separate 
locations within the dumpsite. All three samples consisted of mixtures of ash, partially burned small electronic components and partially burned plastic 
fragments. Two samples (CH05041 & CH05042) were collected from large uncontained piles of material dumped on the ground, and a third sample 
(CH05043) was collected from material dumped in sacks. 


A similar sample was collected from an open dumpsite in Longmen village, an area approximately 1km from central Guiyu town. This dumpsite is close to the 
acid processing workshops in this area (Section 2.4.1). At the dumpsite, site small electronic components and plastic fragments had been spread onto the 
ground and then burned. A sample of ash and partially burned components/plastic fragments (CH05044) was collected from a pile that was still burning. 


TABLE 2.5: DESCRIPTION OF SAMPLES ASSOCIATED WITH THE BURNING OF WASTES TO RECOVER METALS IN GUIYU, CHINA AND NEW DELHI, INDIA, 2005 


SAMPLE # SAMPLE TYPE AREA SAMPLE LOCATION 
CHINA 
CH05040 ash & soil Longgang waste dumpsite; material burned on a open fire on site 
CH05041 ~— ash & burned components Longgang waste dumpsite; burned material dumped at site 
CH05042 ~— ash & burned components Longgang waste dumpsite; burned material dumped at site 
CH05043 ~— ash & burned components Longgang waste dumpsite; burned material dumped at site in sacks 
CH05044 — ash & burned components Longmen waste dumpsite; burned material dumped at site in sacks 
INDIA 
1T05013 ash |brahimpur open burning of electronic waste to remove plastics and recover metals, open-air storage yard 
1T05026 ash Shashtri Park open burning of plastic coated copper wire 


The burning of composite electronic wastes to remove plastics and recover metals was also observed at a two sites in India. A sample of ash (1T05013) 
was collected from the remains of such a fire at an open-air yard in the |brahimpur area of New Delhi that is primarily used to store “ e-wastes” . 
Workers reported that food was often cooked on this fire over burning electronic wastes. At an open-air roof top workshop in the Shashtri Park area, 
plastic coated copper wires are burned to recover the copper. A sample of ash (1T05026) was collected from this burning. The wire burning was only on a 
small scale, but was reported to be representative of the many sites at which small amounts of plastic coated wire are burned 
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In addition to these samples, some materials are burned on open fires as part of the processes involved in the recovery of copper from electronic wastes 
by extracting with acids. Two samples from this activity (1T05005 & 1T05006) are described in Section 2.4.4. 


vi cathode ray tube (CRT) storage 


TABLE 2.6: DESCRIPTION OF SAMPLES ASSOCIATED WITH THE STORAGE OF CATHODE RAY TUBES PRIOR TO RECYCLING OF THE GLASS; NEW DELHI, INDIA, 2005 


SAMPLE # SAMPLE TYPE AREA SAMPLE LOCATION 

1T05016 surface coating powder Kantinagar eroded surface coating from inside broken cathode ray tubes 
1T05017 soil Kantinagar ground on which CRTs stored 

1T05019 dust Brijgang CRT storage shed 

1T05020 Dust/soil Brijgang open ground by storage shed, under broken CRT glass 


The glass portion of TVs and conventional, non-flat screen, computer monitor are known as cathode ray tubes (CRTs). In India, CRTs are collected and 
stored in various locations before being taken to facilities where the glass is smelted for use in new products. 


In the Kantinagar area of East Delhi, CRTs are stored in an open area within an area used as a food market; many of the CRTs were found to be broken 
into smaller glass pieces. The glass of CRTs contain lead oxide, and the inside surface of the glass screens are coated with material (phosphor) that 
produces the light when the CRT is in use. A range of different chemicals have are used as phosphors in CRTs. For many of the broken CRTs at this 
storage area, the coating material was found to be eroding from the glass surface and fine powder was present inside the broken glass tubes, and 
potentially spreading to the immediate environment. Locals reported that this area had been used to store CRTs for 8-10 years. A composite sample of 
powder (1T05016) was collected from inside many broken CRTs, as well as a sample of soil (1T05017) from the ground on which the CRTs were stored. 


Samples were also collected from a CRT storage shed in the Brijgang area of East Delhi. A sample of dust (1T05019) was collected from within the 


shed, which was open to the street. A sample of street dust/soil (1T05020) was also collected from an area adjacent to the shed where broken CRT glass 
is stored in the open. It was not possible to visit any facilities where the CRT glass is smelted. 


DELHI, INDIA - 11 AUGUST 2005 - OLD CATHODE RAY 
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NEWLY REPROCESSED CRTS PILED UP HIGH. 
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||| RESULTS AND DISCUSSION 


The results of the qualitative organic screen and quantitative heavy metals analyses are presented below. For each recycling sector, Tables 3.1-3.6 provide 
the data on the heavy metal concentrations, the number of organic compounds isolated from each sample, and a breakdown of the groups of organic 
compounds reliably identified using a GC/MS screening method, as described in Appendix 1. 


In Tables 3.1-3.6, metal concentrations are given in mg/kg dry weight for solid samples and mg/l for liquid samples. For the groups of organic compounds 
reliably identified, the number of compounds identified using general GC/MS screening method is presented for each group; ( ) signifies those additional 
compounds identified at trace levels using a selective ion monitoring (SIM) method. The concentrations of the organic compounds identified using this 
method were not determined. A full list of all organic compounds both reliably and tentatively identified in all samples is provided in Appendix 2. 


All samples were analysed for a wide range of metals that are used in electrical and electronic equipment (OECD 2003). Some of these metals are toxic 
and their release from materials during recycling processes pose a risk from exposure of workers as well as the surrounding environment and its 
inhabitants. Other, including precious metals such as silver and gold, were analysed to give further insight into how materials used in such equipment are 
distributed during recycling processes. 


A number of the metals analysed for were not found at levels above method detection limits in any of the samples. These metals and the detection limits 
for different types of samples are presented in Table 3. Data on these metals are not presented in the main sample results Tables 3.1-3.6 


TABLE 3: METALS ANALYSED IN SAMPLES, BUT NOT PRESENT IN ANY SAMPLES ABOVE METHOD DETECTION LIMITS. CONCENTRATIONS ARE GIVEN IN MG/KG 
DRY WEIGHT FOR SOLID SAMPLES AND MG/L FOR LIQUID SAMPLES. 


METAL SOLID SAMPLES SOLDERS & COPPER ACID WATERS (CHO5003, 4) ACID WATERS (CHO5010, 25) GROUNDWATER (CH05022, 33) 
MG/KG DW MG/KG DW MG/L 

& UNFILTERED WASTEWATER & FILTERED WASTEWATER 

(cHO5038B), MG/L (cHO5038A), MG/L 

Gallium <20 <200 <0.4 <0.2 <0.02 
Germanium <30 <300 <0.6 <0.3 <0.03 
Indium <20 <20 <0.4 <0.4 <0.02 
Palladium <10 <100 <0.4 <0.2 <0.02 
Platinum <10 <10 <0.2 <0.1 <0.01 
Selenium <30 <300 <0.6 <0.6 <0.03 
Tantalum <10 <100 <0.4 <0.2 <0.01 


i plastic recycling 


Relatively similar numbers of organic compounds were isolated from three out of four dust samples collected from the plastic recycling facilities in 
Longgang area of Guiyu, China (CH05001, CH05003 and CH05004), dominated by aliphatic hydrocarbons (see Table 3.1). |t was not possible to isolate 
any of the compounds from the dust sample CH05002 collected near the shredder unit of the workshop A. The chromatogram of this sample showed a 
high abundance of unresolved complex material (UCM), that contained long chain hydrocarbons that were not possible to separate by the method 
applied. These UCM “hills” are particularly evident when samples containing biodegraded petroleum or certain refined fractions such as lubricating oils 
are examined using gas chromatography (Gough & Rowland 1990). One sample of street dust/soil from this area (CH05004) also showed the presence 
of hexachlorobenzene (HCB) at trace levels. The origin of HCB in this sample is not known. 
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TABLE 3.1: ORGANIC CHEMICALS AND HEAVY METALS IDENTIFIED IN SAMPLES ASSOCIATED WITH PLASTIC RECYCLING ACTIVITIES IN GUIYU, CHINA AND NEW 


DELHI, INDIA, 2005. THE NUMBER IN PARENTHESES ( ) SIGNIFIES COMPOUNDS IDENTIFIED AT TRACE LEVELS USING A SELECTIVE ION MONITORING (SIM) METHOD. 


Country CHINA INDIA 
Sample number CH05001 CH05002 CH05003 CH05004 1705012 1T05014 1705015 
Sample type floor dust floor dust floor dust dust/soil — plastic fragments —_ plastic powder floor dust 
Location workshop A workshop A workshop B __ street between workshop, workshop, workshop, 
Longgang Longgang Longgang workshops Zarfarabad Gaziabad Gaziabad 
metals mg/kg dw mg/kg dw mg/kg dw mg/kg dw mg/kg dw mg/kg dw mg/kg dw 
Antimony 80 481 231 30 124 11 278 
Arsenic <20 <20 <20 <20 <20 <20 <20 
Barium 98 386 124 166 2 64 310 
Beryllium <0.2 <0.2 <0.2 0.3 <0.2 <0.2 <0.2 
Bismuth <20 <20 <20 <20 <20 <20 <20 
Cadmium 2.2 30.7 1.8 1.6 <0.5 8.0 11.4 
Chromium 6 30 11 31 <2 5 20 
Cobalt 3 28 <2 5 <2 <2 <2 
Copper 106 3010 188 777 58 39 149 
Gold <10 <10 <10 <10 <10 <10 <10 
Lead 47 404 89 163 17 32 100 
M anganese 35 185 50 321 1 ll 49 
Mercury 1.8 2.2 0.6 0.7 <0.2 0.2 <0.2 
Molybdenum <2 3 <2 3 <2 <2 <2 
Nickel 54 147 71 118 16 8 17 
Silver 5 28 <2 6 3 <2 <2 
Tin <30 128 14 98 <30 <30 <30 
Vanadium <2 6 <2 9 <2 <2 3 
Yttrium <l 3 <l 10 <l <l <l 
Zinc 167 822 199 443 7 396 549 
No. of organic 78 0 94 81 64 60 108 
compounds isolated 
No. reliably identified 24 (31%) 0 30 (32%) 20 (25%) 38 (59% ) 33 (55%) 27 (25%) 
(% of total) 
chlorinated 
compounds 
Chlorinated benzenes 0 0 0 (1) (4) 0 0 
brominated 
compounds 
PBDEs 0 0 0 0 5(5) 0 0 
Other organobromines 0 0 0 0 1 0 0 
non-halogentated 
compounds 
Aliphatic hydrocarbons 21 0 28 16 7 22 15 
Aromatic hydrocarbons 1 0 2 2 5 9 12 
Organosilicon compounds d, 0 0 0 0 1 0 
Organophosphate 0 0 0 0 2 0 0 
compounds 
Alkylphenols 0 0 0 0 1 0 0 
Others 1 0 0 1 8 1 0 
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It is important to note that organic analysis of samples CH05001, CH05002 and CH05003 was limited by the small quantities of material available. 
These dusts might therefore contain other organic compounds that were at concentrations below the detection limit of the equipment used in this study. 


In India, three samples were collected from the two separate plastic recycling workshops. Among those, a single sample of shredded plastic waste 
(1T05012) collected from a workshop in Zarfarabad was the only one that showed the presence of chlorinated and brominated compounds. This sample 
contained a range of common organic contaminants including polybrominated and organophosphate flame retardants such as polybrominated diphenyl 
ethers (PBDEs) and triphenylphosphoric acid (TPP). Traces of several chlorinated benzenes and a number of phenolic compounds, including nonyl phenol 
and tribromophenol were also identified. PBDEs are use as additives to plastics, textiles, packaging and insulating materials to prevent combustion 
and/or retard the spread of flames (Lassen et al. 1999). Health and environmental concerns relating to the PBDEs are summarised in Box 1. TPP, a 
compound known to inhibit a human blood enzyme and a possible endocrine disruptor, was one of the most abundant organic compounds in this sample. 
Further information on this compound is provided in Box 2 


Two samples that were collected from the workshop in Gaziabad (plastic powder 1T05014 and dust from the floor 1T05015) contained a range of 
aliphatic and aromatic hydrocarbons. One of the representatives of volatile methylsiloxane compounds, decamethylcyclopentasiloxane, was identified in 
the sample 1T05014. Organosilicon compounds including decamethylcyclopentasiloxane are used in microelectronics industry to prepare silicon dioxide 
films (Zajickova et a/. 1999). Methylated siloxanes are also widely used in personal skin and hair care products, cosmetics, antiperspirant, and 
deodorants (Latimer et al. 1998). Some have been found to be hepatotoxic to female Fisher rats (McKim et a/. 1998). 


For the samples collected at workshops in Guiyu, China, the dust sample (CH05002) collected from workshop A, in the area around the shredder unit, 
contained the highest concentrations for most metals analysed. This sample contained antimony (481 mg/kg), cadmium (30.7 mg/kg) and copper (3010 
mg/kg) at elevated concentrations relative to background levels. The concentration of lead was not significantly higher than levels previously reported in 
house dusts (Butte & Heinzow 2002, Culbard et al. 1988). 


Background levels of antimony in environmental samples such as soils and sediments are typically below 10 mg/kg (Salomons & Forstner 1984). Slightly 
higher levels, up to 15 mg/kg, have been found in indoor dusts and in road dusts (Butte & Heinzow 2002). Cadmium and copper are typically below 2 mg/kg 
and 30 mg/kg respectively in uncontaminated soils (Alloway 1990). Somewhat higher levels have been found in indoor dust samples in urban environments 
remote from major pollution sources; typically below 5mg/kg for cadmium and below 200 mg/kg for copper (Butte & Heinzow 2002, Kim & Fergusson 
1993, Tong & Lam 2000). Similar levels to these have been found in urban road dusts (Culbard et a/. 1988, Li et al. 2001, Rasmussen et a/. 2001). 


BOX 1: POLYBROMINATED DIPHENYL ETHERS (PBDEs) 


Polybrominated diphenyl ethers are one of several classes of brominated compound in widespread use as flame retardant additives in plastics and 
foams, including plastic casings of electronic equipment (OECD 2003).There are many different chemicals (congeners) included in this group, 
differing in the numbers and positionings of bromine atoms in the molecules. Those in common commercial use are “ penta” (i.e. a mixture rich in 
pentabrominated congeners), “octa”, (rich in octabrominated congeners) and “deca” (almost exclusively the decabrominated congener). 


PBDEs are environmentally persistent chemicals. Some, especially the lower brominated congeners (e.g. “ penta-BDE”), are also highly 
bioaccumulative. Their manufacture and use as additives in plastics and other polymers, in which they are not tightly bound to the polymer matrix, 
has led to their widespread presence in the environment. PBDEs can be detected in indoor air and dusts in the workplace and in the home. They also 
occur in almost every part of the environment, including sediments (Allchin et al. 1999), freshwater and marine fish (Asplund et a/. 1999a, b), birds 
eggs (Hites 2004) and even whales from the deep oceans and the Arctic (de Boer et a/. 1998, |konomou et al. 2002). 


PBDEs have also been reported as common contaminants in humans, including reports from Sweden, Spain, Finland and North America (Lindstrom et al. 
1997, Meneses et al. 1999, Strandman et al. 1999, She et a/. 2000). Concentrations of lower brominated PBDEs have shown increasing levels in both blood 
and breast milk in recent decades, particularly in regions in which “penta” remains in commercial use (Alaee et a/. 2003, M eironyte et a/. 1999, Thomsen et 
al. 2002). Workers in electronics recycling facilities in Europe have been found to have higher blood levels of PBDEs than other workers, probably as a result 
of inhalation of contaminated dust (Sjddin et a/. 2001, Sjddin et a/. 2003). For the general population, exposure to PBDEs probably occurs through a 
combination of food contamination and direct exposure the chemicals from consumer products and/or contaminated dusts (H arrad et al. 2004). 


While their acute toxicity is considered low, chronic exposure to certain PBDEs (especially in the womb) has been associated with abnormal brain 
development in animals (Eriksson et a/. 2002), with possible long-term impacts on memory, learning and behaviour (Darnerud 2003, Eriksson et al. 
2001, 2002, Viberg et al. 2004). There are concerns that similar effects may be of relevance in humans (Branchi et a/. 2003). PBDEs also exhibit 
endocrine disrupting properties, interacting with both oestrogen and thyroid hormone systems either as the parent compound or as metabolites 
(Meerts et a/. 1998, 2001, Legler & Brouwer 2003). Effects on the immune system have also been reported (Birnbaum & Staskal 2004, Darnerud 
2003). Furthermore, when plastics containing PBDEs are burned, either in an incinerator or by open burning, the potential exists for formation of 
brominated dioxins (IPCS 1998), which may be of equivalent toxicity to chlorinated dioxins. 


Because of these environmental and human health concerns, controls are increasingly being placed on the use of PBDEs (along with some other 
brominated fame retardants) in some regions. Penta-BDE is included as a “ priority hazardous substance” under the EU Water Framework Directive (EU 
2001) and has been proposed for inclusion as a POP (persistent organic pollutant) under the 2001 global Stockholm Convention (Peltola & Yla-M ononen 
2001). Both“ penta” and “octa” are now banned from use in Europe (EU 2003a). Within the electronics sector, use of all PBDEs, including “deca” will 
be prohibited from J uly 2006 under the Directive on Restrictions on Hazardous Substances (ROHS), associated with the WEEE Directive (EU 2002a, b). 
Nevertheless, even when such controls take full effect, a substantial legacy of PBDEs will remain in obsolete electrical and electronic equipment. 
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The concentrations of antimony, cadmium and copper in this dust (CH05002) were higher than background levels by between five and thirty times. H owever, 
far higher concentrations of these metals were found in samples collected from other recycling processes, as discussed in the following sections. 


Compared to the dust collected by the shredder unit, the composite dust sample from the whole floor of workshop A (CH05001), and the floor dust sample 
collected from a separate nearby workshop (CH05003) contained lower levels of these metals. These data indicate that the shredding of plastic is the major 
source of the metals found in elevated levels in the most contaminated sample (CH05002). 


BOX 2: TRIPHENYL PHOSPHATE (TPP) 


Triphenyl phosphate, one of a number of so-called triaryl phosphates, has long been used as flame retardant, primarily in phenolic and phenylene oxide- 
based resins (IP CS 1991). Other applications include use as a plasticiser in photographic films and as a component of hydraulic fluids and oils. 


Loss of TPP to the environment as a result of leaching from polymers in which it is incorporated has long been recognised. Carlsson et al. (1997) 
reported the presence of TPP, among other organophosphorus flame retardants, as a contaminant of indoor air in buildings with different uses in 
Sweden. Although a relatively minor component compared to other flame retardants in air samples from three schools, a day care centre and an 
office, much higher levels were found in close proximity to computer monitors (video display units, or VDUs) when in normal use (Carlsson et al. 
2000). Further investigations revealed that TPP was present at levels up to 10% by weight of the plastic in the outer covers of the monitors. 
Combustion of polymers containing TPP may also be a major source to the environment (IP-CS 1991). 


TPP is the most acutely toxic to aquatic life of all the triaryl phosphates in common use (IP CS 1991). It has been reported as a contaminant in 
human blood (J onsson et a/. 2001) and is a strong inhibitor of a key enzyme (monocyte carboxyl esterase) in human blood cells (Amini and 
Crescenzi 2003). Recent research has also indicated an ability to inhibit human androgen hormone reception in vitro (Honkakoski et al. 2004). 


Contact dermatitis following exposure to TPP has been reported by several authors, with some cases dating back to the 1960s (Carlsson et a/. 1997 
and Sanchez et a/. 2003). 


BOX 3: NONYLPHENOL 


Nonylphenol (NP) is a non-halogenated chemical, commonly found as an isomeric mixture, manufactured almost exclusively to produce nonylphenol 
ethoxylates (NP Es), a group of non-ionic surfactants. Once released to the environment, NPEs can degrade back to nonylphenol, which is persistent, 
bioaccumulative and toxic to aquatic life. NP Es have been used as surfactants, emulsifiers, dispersants and/or wetting agents in a variety of industrial 
and consumer applications (OSPAR 2001). Nonylphenol derivatives are reportedly also used as antioxidants in some plastics (Guenther et a/. 2002). 


Asa result of their widespread use, nonylphenol and its derivatives have become widely distributed in fresh and marine waters, accumulating in 
particular in sediments. Research into levels in wildlife remains very limited, although there have been reports of significant levels in fish and aquatic 
birds downstream from sites of manufacture and/or use of NPEs. Nonylphenol is known to accumulate in the tissues of fish and other organisms, and 
to biomagnify through the food chain (OSPAR 2001). Nonylphenol residues have recently been reported in house dust and indoor air (Butte and 
Heinzow 2002, Rudel et a/. 2003, Saito et al. 2004), possibly relating to use in consumer products. NP has also been detected in samples of human 
umbilical cord blood (Tan and Mohd 2003). 


The main hazards associated with NPEs result from their partial degradation to shorter-chain ethoxylates and to the parent nonylphenol, both of 
which are toxic to aquatic organisms and to higher organisms through secondary poisoning (i.e. resulting from the accumulation through the food 
chain). The most widely recognised effects are undoubtedly oestrogenic activity, i.e. the ability of nonyphenol to mimic natural oestrogen hormones, 
leading to altered sexual development in some organisms, most notably the feminisation of fish (J obling et a/. 1995, 1996, 2002). Hazards to human 
health remain unclear, although recent studies have highlighted concerns directly relevant to humans. For example, Chitra et al. (2002) and Adeoya- 
Osiguwa et al. (2003) describe effects on mammalian sperm function, while DNA damage in human lymphocytes has also recently been documented 
(Harreus et al. 2002). 


Nonylphenol has been included as a “ priority hazardous substance” under the EU Water Framework Directive, such that action to prevent releases to 
water within 20 years will be required throughout E urope (EU 2001). Moreover, according to Directive 2003/53/EC, as of J anuary 2005 products 
containing greater than 0.1% NP or NPEs may no longer be placed on the market within Europe, with some minor exceptions principally for “ closed- 
loop” industrial systems (EU 2003b). 


In the sample of street dust/soil (CH05004) collected from the road between the two plastic shredding workshops, only copper was present at a significantly 
elevated concentration. The street dust/soil did not contain antimony, cadmium or lead at concentrations significantly higher than typical background road 
dust concentrations (Culbard et a/. 1988, Rasmussen et a/. 2001). 


The dust sample (1T05015) collected from the plastic shredder workshops in New Delhi, India also contained cadmium (11.4 mg/kg), at somewhat lower than 
the level in the most contaminated dust sample from the plastic recycling workshops in China, and approximately twice typical levels for indoor dusts. This dust 
sample (1T05015) did not contain other metals at concentrations greater than expected urban indoor dusts (Butte & Heinzow 2002, Tong & Lam 2000). 
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The finely ground plastic powder (1T05014) collected from this same workshop contained cadmium at a concentration of 8.0 mg/kg, indicating that the 
plastics being recycled are a potential source of cadmium to the workshop environment. Other metals were also identified in this material also at trace levels, 
including antimony, copper, lead and zinc. Lower levels of metals were found in the sample of shredded plastic fragments (1T05012) collected from a 
separate workshop, indicating that this material is a different type to that used to produce the plastic powder (1705014). 


BOX 4: ANTIMONY 


Antimony (Sb) is a naturally occurring element with a number of industrial uses. For example, antimony compounds are used as lubricants in vehicle 
brake linings (antimony sulphide, Sb2S3, von Uexkull et al. 2005), in semiconductors (antimony trihydride or stibine, Sb2H3) and as a flame 
retardant in plastics and other polymers (antimony trioxide, $b203, J enkins et a/. 2000), normally in combination with brominated flame retardants, 
especially PBDEs. Antimony is also used in the manufacture of lead acid starter batteries (both Sb2H3 and Sb203, Kentner et al. 1995) and occurs 
as a component of solders. Although occurring naturally in soils and sediments, concentrations are commonly rather low. 


Antimony shows many chemical similarities to arsenic (Andrewes et al. 2004). Like arsenic, it can undergo methylation as a result of microbiological 
activity (i.e. to form its trimethyl derivative, often called trimethylstibine), albeit at slower rates than for arsenic (J enkins et a/. 2000, Patterson et al. 
2003). It also shows some similarities in its toxic effects, especially to skin cells (Patterson et a/. 2003). However, unlike arsenic, there are relatively 
few studies concerning the toxicity and ecotoxicity of antimony and its compounds. 


Those studies which are available indicate that the toxicity of antimony depends greatly on its particular form (i.e. its oxidation state). Trivalent antimony, 
such as is present in antimony trihydride and antimony trioxide, is the most toxic state whereas its pentavalent form is far less toxic (Flynn et a/. 2003, 
Patterson et al. 2003). Some organic antimony compounds (including trimethylstibine) are very toxic (Andrewes et a/. 2004). Antimony compounds have 
been associated with dermatitis and irritation of respiratory tract, as well as interfering with normal function of the immune system (Kim et al. 1999). 


Antimony trioxide is listed by the International Agency for Research on Cancer (IARC) as “ possibly carcinogenic to humans”, with inhalation of dusts 
and vapours the critical route of exposure. Although this compound can be lost in vapour form from items such as PVC mattress covers during normal 
use (J enkins et a/. 2000), it is in occupational settings in which the greatest exposures and concerns arise. For example, several workers exposed to 
high levels of antimony dust and antimony trioxide fumes at a metal brazing plant developed severe skin problems, even at levels previously thought to 
be safe (White et al. 1993). Some studies suggest that antimony trioxide is a chromosomal mutagen, capable of preventing the mechanisms which 
normally repair damaged DNA (Schaumloffel and Gebel 1998, Cavallo et a/. 2002), though its genotoxicity has been challenged by other authors 
(Leonard and Gerger 1996, Elliott et a/. 1998). 


Metabolism of antimony compounds in humans is similarly poorly studied. There is some evidence that inorganic antimony compounds, if ingested, can 
be converted to organic compounds and reduced to the more toxic trivalent forms in the body (Andrewes et al. 2004). Antimony compounds can be 
detected in human urine samples from both occupationally and non-occupationally exposed individuals, with levels in blood and urine correlating with 
levels in workplace air for those occupationally exposed (Kentner et a/. 1995, Krachler and Emons 2001). 


These data suggest that the recycling of plastics involving mechanical shredding & grinding can release metals or metal compounds bound within them to the 
work environment. 


Compounds of cadmium have been used as stabilisers and pigments in plastics including PVC (ATSDR 1999a, M atthews 1996). Cadmium is a highly toxic 
metal, and exposure can occur through the ingestion or inhalation of contaminated dusts. For an overview of the hazards of cadmium, see text Box 11. 
Antinomy trioxide is used as a flame retardant additive in some plastic formulations (van Velzen et al. 1998). Antimony is also one of the trace metals used 
in metallic solders present in mixed “e-wastes” . However, these solders also contain tin, and often lead, at far higher concentrations. At other locations, dusts 
contaminated with antimony from solder also contained lead and tin at far higher concentrations, see Section 3.2. This pattern was not found in the samples 
from this sector, suggesting that solder does not significantly contribute to the levels of antinomy in these dust samples. Antimony, in certain forms, is a toxic 
metal, with some similarities to arsenic. Further information on antimony is given in Box 4. 


Copper compounds are not widely used in plastics, though the elevated dust levels of copper may result from the shredding of some plastics still containing 
fragments of copper wire or contact. 
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ii manual printed circuit board separation & solder recovery 


The samples of solder collected in China and India in 2005 and that collected in India in 2004 had very similar compositions. These solders are primarily 
alloys of lead (36.2-38.5% ) and tin (46.3-49.8% ), but also contained trace amounts of other elements, primarily antimony, bismuth, copper, silver and 
zinc in varying amounts (all below 1% of the total material). 


At the separation/solder recovery workshops in the Beilin area of Guiyu in China, only the removal of components from circuit boards and the recovery of 
metal solder was observed and so the samples collected from three separate workshops were only analysed for their metals content (Table 3.2.1). At the 
workshops in India, additional processes were carried out including the separation of some individual components. The samples collected from the 
workshops in India were therefore analysed for both metals and organic chemicals. The samples collected from the battery separation workshops in India 
are discussed below (Section 3.2.2) 


With the exception of the sample of dust collected from a workshop in India in 2004 (1T04001), all other dust samples from the workshops in both 
China and India contained high concentrations of lead and tin as well as a range of other metals at concentrations above typical background levels; 
namely antimony, cadmium, copper, nickel, silver and zinc. For all these metals, the concentrations in the dusts from the workshops in China were higher 
than in dusts collected from the workshops in India. Samples from China, though not those from India, also contained bismuth at concentrations above 
typical background levels. High concentrations of barium and mercury were also found in some individual samples. 


The concentration of lead and tin in the dust samples from the Chinese workshops were extremely high. The concentrations of lead were reasonably 
similar in all samples, in the range 31300-76000 mg/kg (3.12-7.60 % ), while there was greater variation in tin concentrations; 25100-293000 mg/kg 
(2.51-29.3 % ). The dusts from the Indian workshops had somewhat lower concentrations, with lead in the range 2360-10900 mg/kg (0.236-1.09% ), 
and tin in the range 3140-17400 mg/kg (0.314-1.74% ). For all samples from both countries, high lead concentrations were associated with high tin 
concentrations. The dust from workshop C in China (CH05026a) contained the highest concentrations of both lead and tin, constituting over 7% and 
29% of the total dust, respectively. 


Environmental samples typically contain low concentrations of lead and tin. These metals are usually below 30 mg/kg and 10mg/kg receptively in 
uncontaminated soils (Alloway 1990, Salomons & Forstner 1984). Levels of metals in indoor dusts are generally higher than in soils (Culbard et al. 
1988, Rasmussen et a/. 2001). Levels of lead between 100 and 500 mg/kg have been reported for indoor dusts, while levels of tin are generally below 
200 mg/kg (Butte & Heinzow 2002, Culbard et a/. 1988, Tong & Lam 2000). 


GUIYU, CHINA - 8 MARCH 2005 - A WORKER USES A 
LIGHTER TO CHECK PLASTIC AS IT IS SORTED INA 
J UNK-YARD FULL OF E-WASTE IN GUIYU IN 
GUANGZHOU PROVINCE. 
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TONGSHAN VILLAGE, CHINA - 

14 FEBRUARY 2004 - A PILE OF 
CIRCUIT-BOARD WASTE LAYING 
INFRONT OF A LOCAL RESIDENT'S 
HOUSE WAITINGTO BE STRIPPED FOR 
METAL IN TONGSHAN VILLAGE, WENLIN 
CITY, ZHEJ |ANG PROVINCE. 
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TABLE 3.2.1: METALS IDENTIFIED IN SAMPLES ASSOCIATED WITH THE SEPARATION OF COMPONENTS AND RECOVERY OF SOLDER AT RECYCLING WORKSHOPS IN 
GUIYU, CHINA, 2005. § SIGNIFIES ANALYSIS OF 63}1M SIEVED FRACTION. 


Sample number CHO05011 CH05026b CH05012 CH05013 CH05014 CH05026a CH05018 CH05019 CH05035 


Sample type solder solder floor dust § floor dust § — floor dust § _floor dust § dust § dust § dust § 
Description heated pee floor | workshopA — stored dust = workshopB ~—~workshopC_ solder worker solder worker not ewaste 

workshopA — workshopC workshopA worker 
Location solder houses, 

recovery Guiyu Town 
workshops, 
Beilin 

metals mg/kg dw mg/kg dw mg/kg dw mg/kg dw mg/kg dw mg/kg dw mg/kg dw mg/kg dw mg/kg dw 
Antimony 446 795 382 1330 379 514 50 51 <10 
Arsenic <200 <200 36 <20 32 32 <20 <20 24 
Barium <5 <5 457 421 7200 863 236 355 151 
Beryllium <2 <2 15 2.3 1.0 1.0 <1.0 <2.0 1.8 
Bismuth 145 134 114 296 35 68 <100 <200 <20 
Cadmium <5 <5 104 97 11.0 50.8 4.0 4.3 1.9 
Chromium <20 <20 83 41 146 96 50 65 33 
Cobalt <20 <20 21 10 25 18 8 7 13 
Copper 8950 7290 4100 14000 25400 10700 585 579 176 
Gold <100 <100 20 36 30 <10 <40 <80 <10 
Lead 375000 385000 51000 66350 31300 76000 719 4110 182 
M anganese <2 <2 491 261 1170 552 610 636 349 
Mercury <10 <10 5.9 2.1 <0.2 <0.2 <2 <2 0.6 
Molybdenum <20 <20 15 13 6 18 <10 <10 4 
Nickel 40 21 292 507 1020 504 64 139 54 
Silver 434 806 152 1170 268 527 9 36 4 
Tin 485000 498000 61300 239000 25100 293000 908 5800 134 
Vanadium <2 <2 23 6 19 14 19 20 47 
Yttrium <l <l 16 5 26 7 19 16 27 
Zinc <10 241 3770 9345 2340 9130 772 1160 1580 
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TABLE 3.2.2: ORGANIC CHEMICALS AND METALS IDENTIFIED IN SAMPLES ASSOCIATED WITH MANUAL SEPARATION OF CIRCUIT BOARDS & SOLDER RECOVERY AT WORKSHOPS 


THE NUMBER IN PARENTHESES ( ) SIGNIFIES COMPOUNDS IDENTIFIED AT TRACE LEVELS USING A SELECTIVE ION MONITORING (SIM) METHOD 


Sample number 1704002 1T05009 1T04001 1T05011 1T05007 1T05008 
Sample type solder solder floor dust § floor dust § floor dust § floor dust § 
Description from circuit from circuit separation separation separation solder workshop 
boards boards workshop workshop workshop 
Location Zarfarabad Shashtri Pk Zarfarabad Zarfarabad Shashtri Park Shashtri Park 
metals mg/kg dw mg/kg dw mg/kg dw mg/kg dw mg/kg dw mg/kg dw 
Antimony 1580 1790 <10 137 70 139 
Arsenic <200 <200 <20 <20 <20 <20 
Barium 8 <5 320 1425 532 766 
Beryllium <2 <2 0.6 1.0 0.5 0.3 
Bismuth 175 363 <20 <20 <20 <20 
Cadmium <5 <5 11 97 14.1 15.5 
Chromium <20 <20 44 158 78 64 
Cobalt <20 <20 12 21 19 12 
Copper 2070 2670 168 6805 2800 2140 
Gold 573 <100 <10 107 <10 <10 
Lead 362000 375000 150 8815 2360 10900 
M anganese <2 <2 336 640 834 446 
Mercury <10 <10 1.4 460 2.1 0.5 
Molybdenum <20 <20 <2 12 7 4 
Nickel 163 14 28 541 239 163 
Silver 2800 163 <2 343 97 134 
Tin 463000 498000 73 13950 3140 17400 
Vanadium <2 <2 29 29 28 21 
Y ttrium <l <l 7 8 10 8 
Zinc <10 21 330 4440 2200 1410 
No. organic compounds isolated nla nla 60 149 219 138 
No. reliably identified (% of total) n/a nla 44 (73% ) 70 (47% ) 68 (31%) 76 (55%) 


chlorinated compounds 


Chlorinated benzenes n/a nla 0 1(7) 0 0 
PCBs nla nla (23) 28(9) 13(25) 2(34) 
Other organochlorines nla nla 3 0 0 i 
brominated compounds 

PBDEs nla n/a 0 0 (2) 2(3) 
non-halogenated compounds 

P hthalate esters n/a nla 0 0 0 0 
Aliphatic hydrocarbons nla nla 15 17 26 18 
Aromatic hydrocarbons nla nla 3 6 15 

Organosilicon compounds n/a n/a 0 2 2 

Others n/a nla 0 0 0 1 
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DELHI, INDIA - 11 AUGUST 2005 - A WORKER IN AN 
ELECTRONICS WASTE RECYCLING YARD IN DELHI. 
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IN NEW DELHI, INDIA, 2005. § SIGNIFIES ANALYSIS OF 63UM SIEVED FRACTION. 


1T05018 1T05029 1T05022 1705023 1705024 1705025 1705027 1T05028 

floor dust § floor dust § street dust street dust street dust street dust street dust street dust 

battery battery workshop area workshop area workshop area workshop area no work-shops residential area 
workshop workshop in area 

M ayapuri Buradi Shashtri Park Shashtri Park Shashtri Park Shashtri Park Kailashnagar Safourjung 

mg/kg dw mg/kg dw mg/kg dw mg/kg dw mg/kg dw mg/kg dw mg/kg dw mg/kg dw 

574 46 <10 <10 <10 <10 <10 <10 

<20 <20 <20 <20 <20 <20 <20 <20 

1300 1130 126 141 178 144 305 208 

0.4 0.4 0.3 0.3 0.5 0.5 0.3 0.4 

<20 24 <20 <20 <20 <20 <20 <20 

42.6 200000 <0.5 <0.5 1.4 <0.5 <0.5 <0.5 

103 61 38 24 30 31 25 25 

20 631 11 5 8 9 6 6 

1730 1610 152 187 230 60 414 21 

<10 41 <10 <10 <10 <10 <10 <10 

88100 13300 1300 37 48 31 100 20 

17700 362 604 250 628 367 295 258 

3.5 48.2 0.3 <0.2 <0.2 <0.2 0.6 0.5 

7 91 3 <2 <2 <2 <2 <2 

154 47900 38 25 35 27 21 15 

51 133 4 9 <2 2 8 <2 

76 9610 2020 <30 <30 <30 <30 <30 

27 14 19 15 25 27 18 29 

6 5 4 4 6 6 5 6 

4920 1240 359 263 710 297 414 83 

93 nla 140 44 59 66 102 45 

45 (48%) n/a 53 (38%) 24 (54%) 42 (71% ) 48 (73%) 22 (22%) 20 (44% ) 

0 n/a 0 (2) 0 0 0 (3) 

24(16) n/a 14(20) 0 (25) (29) 0 0 

0 n/a 0 3 3 5 3 0 

0 n/a 0 0 0 0 0 0 

0 n/a 0 0 2 0 0 0 

2 n/a 14 14 6 10 9 12 

3 n/a 3 2 4 2 4 3 

0 n/a 1 0 0 2 0 2 

0 n/a 1 3 1 0 6 0 
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BOX 5: LEAD (PB) 


Lead has two main uses in electronics products. M etallic lead is used in electrical solder, primarily on printed circuit boards (commonly as an alloy 
with tin). Lead oxide is used in the glass of cathode ray tubes (CRTs), which contain approximately 2-3kg of lead in older models and 1 kg in newer 
models (OECD 2003). In addition, lead compounds have been used as stabilisers in PVC formulations (M atthews 1996). 


Concentrations of lead in the environment are generally low. Soils and freshwater sediments typically contain less than 30 mg/kg, while levels of 
between 100 and 500 mg/kg have been reported for indoor dusts (Alloway 1990, Butte & Heinzow 2002, Salomons & Forstner 1984). Under landfill 
conditions lead can leach from CRT glass (Musson et a/. 2000). |ncineration can also result in release of lead to the air as in the ash produced 
(Allsopp et a/. 2001). Releases of lead oxide dust or lead fumes may also occur during glass crushing or high temperature processing, including 
smelting (OECD 2003). Following release to the environment lead has low mobility compared to most metals. 


Workers involved in high temperature processes, such as at lead smelters, can be significantly exposed to lead fumes (Schutz et a/. 2005). Workers 
using lead based solders may also be exposed to lead-bearing dusts and fumes (ATSDR 1999b). Following exposure humans can accumulate lead, as 
can many plants and animals (Sauve et al. 1997, ATSDR 1999b). Where soils and dusts are contaminated with lead, children can be particularly 
exposed through hand-to-mouth transfer (M alcoe et a/. 2002). 


Lead is highly toxic to humans as well as many animals and plants. Lead exposure is cumulative; the effects of exposure are the same whether through 
ingestion or inhalation, and some appear to be irreversible (ATSDR 1999b, Bellinger & Dietrich 1994, Goyer 1996). 1n humans, lead has a wide range 
of effects including damage to the nervous system and blood system, impacts on the kidneys and on reproduction. Of particular concern is the effect of 
low-level exposure on brain development in children, which can result in intellectual impairment (Canfield et a/. 2003, Goyer 1993). Similar toxic 
effects are seen in animals, and lead is also toxic to all aquatic life (WHO 1989a, Sadiq 1992). 


A number of regional controls exist on the use of lead in products. EU legislation restricting the use of certain hazardous substances (ROHS) in 
electrical and electronic equipment, prohibits the use of lead in new equipment put on the market from 1 J uly 2006 (EU 2002a), with a maximum 
allowable concentration of 0.1% lead by weight in homogeneous materials, with some exemptions including use in CRT glass. EU legislation 
addressing waste electrical and electronic equipment (WEEE) specifies that batteries containing more than 0.4% lead by weight must be separated 
from wastestreams and recycled where appropriate (EU 2002b). In addition, the European PVC industry has a voluntary agreement to phase out lead 
stabilisers in PVC by 2015 (ENDS 2002). 


For all dusts collected from the workshops in China, the concentrations of lead were hundreds of times higher than typical levels in indoor dusts. The 
levels in the Indian workshop dusts were elevated by approximately 5-20 times background levels. Environmental concentrations of tin are generally lower 
than those of lead. In these dust samples, however, the tin concentrations were higher than those of lead in all but one sample (CH05014). In the most 
contaminated sample from China (CH05026a), the tin concentration was almost four times higher than the lead concentration, and almost 1500 times 
higher than typical tin levels in indoor dusts. The highest concentration of tin found in the Indian workshop dusts (CH05008) was 17400 mg/kg, 
approximately 90 times typical levels in indoor dusts. Lead is a highly toxic metal with accumulative effects, see text box 5. 


Unlike lead, exposure to inorganic tin does not usually cause toxic effects in humans or animals, unless ingested in very large amounts (ATSDR 2003). 
The high concentrations of both tin and lead in these samples, however, demonstrates that lead-tin solders are the source of the lead contamination at 
these workshops. 


Other metals identified in the solder samples were also found at elevated concentrations in dust samples collected from various workshops, namely 
antimony, bismuth, copper, silver and zinc. Previous studies have reported the concentrations of these metals in indoor dusts typically below 15 mg/kg, 10 
mg/kg, 200 mg/kg, 6 mg/kg and 1500 mg/kg respectively (Butte & Heinzow 2002, Tong & Lam 2000). For each of these metals, concentrations varied 
significantly between the samples. Antinomy, copper and silver were present at the most elevated concentrations, ranging from 20 to between 100 and 
200 times typical indoor dust concentrations in the workshop dust samples from China. Somewhat lower levels were found in the dusts from the I ndian 
workshops, with elevation above background levels of 5-9 times (antimony), 10-34 times (copper) and 16-57 times (silver). 


DELHI, INDIA - 11 AUGUST 2005 - COMPUTER 
MOTHERBOARDS BEING MELTED OVER OPEN FIRES IN 
A ELECTRONICS WASTE RECYCLING YARD IN DELHI. 


DELHI, INDIA - 11 AUGUST 2005 - A MAN TAKES A 
BREAK IN THIS WORKSHOP-LIVING QUARTERS, 
SURROUNDED BY HEAPS OF ELECTRONIC SCRAP. 


26 | TOXICTECH IN CHINA & INDIA 


BOX 6: BERYLLIUM 


Beryllium is a metal with unique properties; it is lighter than aluminium and stronger than steel, as well as being a very good conductor of heat and 
electricity. In electrical equipment it is used in springs, relays and connections; typically in the form of a copper-beryllium alloy containing 2% 
beryllium (OECD 2003, Taylor et al. 2003). 


During the refining and processing of beryllium and its compounds, fumes and dusts of beryllium and beryllium oxide can be produced; their inhalation 
is the main route of beryllium exposure for workers in these industries (Field 2001). Recent studies have shown that people working with beryllium- 
copper alloys also have a significant risk of exposure to beryllium can suffer health impacts including developing CBD (Balkissoon & Newman 1999, 
Schuler et a/. 2005). While most reported cases of beryllium exposure are related to workers involved in processing and manufacturing activities, 
exposure may also occur during the recycling of electrical and electronic equipment containing beryllium-copper alloys. Beryllium dusts may be 
generated during shredding and grinding, or during high temperature processes such as those used at metal refineries (Basel 2004, OECD 2003), 
which can lead to beryllium sensitivity and CBD in workers (Cullen et a/. 1987, Infante & Newman 2004). 


Exposure to beryllium, even at very low levels and for short periods of time, can lead to beryllium sensitisation. Some individuals will go on to develop 
CBD, a debilitating disease with symptoms including emphysema and fibrosis of the lungs that can sometimes be fatal. Although symptoms can be 
suppressed with steroids, CBD is currently incurable (Field 2001). CBD can develop soon after exposure begins or be delayed for long periods, up to 
many years after initial exposure (Newman et al. 1996). The length of time and amount of exposure that results in sensitisation and subsequent 
development of CBD is highly variable between individuals and not all individuals who become sensitised will go on to develop CBD. Some people can 
develop berylliosis following seeming very low levels of exposure, and health effects have been reported following exposure to levels 20-100 times 
lower than widely used workplace exposure limits (Kelleher et al. 2001). 1n many cases CBD in workers is either undiagnosed or misdiagnosed 
(Infante & Newman 2004, Newman 1995). Skin contact can also produce dermatitis, and may cause beryllium sensitization, a precursor to CBD 
development (Tinkle et a/. 2003). Furthermore, beryllium and beryllium compounds have been classified as known human carcinogens by the 
International Agency for Research on Cancer, based upon the increased rates of lung cancer in beryllium production workers (IARC 1993) 


In some countries controls exist to address beryllium exposure in the workplace, with maximum allowable air concentrations. M any countries have 
adopted workplace exposure limits of 1-2 _g/m3 (WHO 1990). For example, in the USA a maximum average permissible exposure limit (PEL) is set 
at 2 _g/m3 over 8 hours, with a limit of 5 _g/m3 for any 30 minute period and a peak maximum of 25 _g/m3 (USCFR 1999). 


Zinc is typically found at higher background concentrations in environmental samples than many other metals, and although the concentrations of zinc in 
the dusts was high, the levels were not as elevated above background levels. Zinc levels in the dusts from the Chinese workshops were 2-6 times 
background levels, while those from the Indian workshop were 1-3 times background levels. Bismuth contamination was only found in the dusts from the 
workshops in China, with concentrations ranging from 3-30 times background levels. 


The concentrations of beryllium in the workshop dusts were up to 2.3 mg/kg from the Chinese workshop (CH05013) and up to 1.0 mg/kg from the 
Indian workshops (1T05011).1In the only study found to report beryllium concentrations in indoor dusts, all levels were below 1 mg/kg, with an average 
concentration of 0.53 mg/kg (Rasmussen et a/. 2001). Levels reported in workplaces are reported as total air concentrations (mg/m3) rather than dust 
concentrations, and so comparison is not possible (Filed 2001) 


Beryllium is used in electrical equipment, typically as an alloy with copper containing 2% beryllium (OECD 2003). Beryllium does occur naturally at 
very low concentrations, and as the workshop dusts are not highly elevated, it is not possible to know the extent to which “e-wastes” processed in these 
workshops contribute to the dust concentrations. However, exposure to beryllium dusts, even at very low levels and for short periods of time, can cause 
beryllium sensitisation that can lead to chronic beryllium disease (CBD), a debilitating lung disease which is often misdiagnosed (Field 2001, Newman 
1995). It is not clear if current beryllium levels in the workshops could cause health effects in the worker, but the ongoing processing of electronics 
containing beryllium will only increase the potential. 


Clearly the manual separation of e-waste components and the recovery of solders at these workshops results in the release of the metals into the work 
environment, leading to highly elevated concentrations of many metals in workshop dusts. There is a high risk of exposure to these metals through the 
inhalation and possible ingestion of these dusts, which is of particular concern where toxic metals such as lead are included in the mixture of metals that 
make up the solders 


Additional metals, which do not form part of solder mixtures, were also found at elevated concentrations in these workplace dusts; namely cadmium, gold 
and nickel. Again, the level of these metals varied significantly between the samples. The dusts from workshops in China contained cadmium in the range 
11-104 mg/kg (2-20 times levels background levels) and nickel in the range 292-1020 mg/kg (3-10 times levels background levels). The dusts from 
workshops in India contained very similar concentration of cadmium (14-97 mg/kg), though somewhat lower concentrations of nickel (163-541 mg/kg, 
2-5 times background levels) (Butte & Heinzow 2002, Culbard et a/. 1988, Tong & Lam 2000). 


Studies reporting the concentrations of metals in dusts do not generally report levels for gold, but environmental levels level are usually very low, with 
soils typically contain only 0.001-0.02 mg/kg of gold (Alloway 1990). One dust from India contained gold at 107 mg/kg, while three from China had 
gold in the range 20-36 mg/kg, far higher than typical background levels in environmental samples. These additional metals are employed for a number of 
uses in electrical and electronic equipment. For example, both cadmium and gold are used electrical contacts (OECD 2003). Their presence in 
components that are separated from circuit boards at these workshops may contribute to the elevated workplace dusts concentrations 


Individual dust samples contained other metals at relatively high levels, though the dusts collected from the workshops were generally not contaminated 
with these metals above typical background levels. Dust from workshop B in China (CH05014) contained barium at 7200 mg/kg, significantly higher 
than levels in dusts from all other workshops. Dust from one workshop in India (1T05011) also contained mercury at a concentrations of 460 mg/kg, the 
highest in all samples from this study. Again these metals are known to be used in electrical and electronic equipment (OECD 2003). 
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BOX 7: CHLORINATED BENZENES 


Chlorinated benzenes, or chlorobenzenes, are simple chlorinated derivatives of benzene, possessing between one and six chlorine atoms (i.e. mono- to 
hexachlorobenzene). Chlorobenzenes, especially mono-, di-, tri- and hexachlorinated forms, have had a variety of uses, including as solvents (e.g. in 
commercial PCB formulations) and intermediates in the manufacture of other chemicals such as antioxidants, dyes and pigments, pharmaceuticals and 
agricultural chemicals. H exachlorobenzene was ued extensively as a pesticide, primarily as a wood preservative and fungicidal preparation for seeds 
(Budavari et a/. 2000, ATSDR 2002). Today only mono- and dichlorobenzenes continue to be manufactured in substantial quantities. 


Chlorobenzenes are relatively persistent in the environment and can bioaccumulate in both terrestrial and aquatic systems. Both acute and chronic 
effects have been reported in a wide range of aquatic organisms and in mammals. Effects of exposure vary depending on the chlorobenzene in 
question, though common impacts include those on the liver, thyroid and central nervous system (CNS). In general terms, toxicity tends to increase 
with increasing degree of chlorination (WHO 2004). 


For example, human exposure to monochlorobenzene causes CNS depression and respiratory tract irritation, while animal studies have reported liver 
necrosis, renal toxicity and effects on the pancreas, blood and lymph and adrenal glands (Ware 1988a, M eek et al. 1994). Effects reported for 
dichlorobenzenes in humans include anaemia, skin lesions, vomiting, headaches and eye and respiratory tract irritation (Ware 1988b). For tri- and 
tetrachlorobenzenes, impacts on liver, kidney and thyroid are among the most commonly reported in mammals (Giddings et al. 1994a, b). Some 
evidence for fetal and developmental toxicity has been reported for both tetra- and pentachlorobenzenes (Giddings et a/. 1994c). 


Hexachlorobenzene (HCB) is toxic to aquatic life, land plants, land animals, and humans. It is listed by the [ARC as a Group 2B carcinogen, i.e. 
possible carcinogen to humans and also appears to be a tumour promoter. H exachlorobenzene may damage the developing foetus, liver, immune 
system, thyroid, kidneys and CNS, with the liver and nervous system the most sensitive to its effects. (Newhook & Meek 1994, van Birgelen 1998, 
ATSDR 2002).HCB has been shown to be an endocrine disruptor in laboratory animal studies (Ralph et a/. 2003). Furthermore, research suggests 
that HCB has dioxin-like toxicity (van Birgelen 1998) and that it could therefore make a substantial contribution to overall dioxin-type toxic effects in 
humans and wildlife (Pohl et a/. 2001). 


Hexachlorobenzene is the most regulated chemical among all chlorinated benzenes, and is included as one of twelve priority POPs covered by the 
2001 Stockholm Convention on persistent organic pollutants (P OP s). Pentachlorobenzene is one of the priority substances under the EU Water 
Framework Directive (EU 2001). Recently pentachlorobenzene was proposed as a candidate for inclusion in the UNECE Protocol on POPs (under the 
LRTAP Convention), based on its potential for long-range atmospheric transport, persistence (in water, sediment and soil), bioaccumulation and 
(eco)toxicity (van de Plassche et al. 2002). 


Some of the metals found in elevated concentrations in the samples of dusts are toxic. Of particular concern in these samples is the high concentrations 
of lead, which is highly toxic, to humans as well as many animals, whether it is ingested or inhaled in the form of fumes or dusts. |n humans, exposure to 
lead can lead to accumulation and can result in a range of toxic effects many of which are irreversible, including damage to the nervous system, 
particularly during its development in children, which can result in intellectual impairment even at low levels of exposure (Bellinger & Dietrich 1994, 
Canfield et al. 2003, Goyer 1993). Further details are provided in Box 5. 


The samples of dusts collected from workshops in India were also analysed for the presence of organic chemicals. The two samples collected from 
neighbouring facilities of the Zarfarabad area of New Delhi in 2004 (1T04001) and in 2005 (1T05011) had similar patterns of organic contaminants. 
Both samples contained a range of PCBs (23 and 37 congeners in 1T04001 and 1T05011 respectively). PCBs are toxic, persistent and bioaccumulative 
industrial chemicals, once used as dielectric fluids and even as plasticisers and flame retardants, now banned from use because of their hazardous 
properties. Further background information is provided in Box 10. 
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Box 8: MERCURY (HG) 


Mercury is used in lighting device that illuminate some flat screen displays. |t has also been used in switches and relays, particularly for older 
mainframe computers, and older computer may also include batteries containing mercury (OECD 2003). 


Releases of mercury can occur during the dismantling of equipment. Incineration or landfilling can also result in releases of mercury to the 
environment (Allsopp et a/. 2001b, OECD 2003). For a metal, mercury is highly volatile and upon released to the atmosphere metallic mercury can 
travel globally and impact far from the source of its release (UNEP 2002). Following release to the environment, mercury can enter water bodies 
(either directly or following deposition) where it can become transformed into methyl mercury, a highly toxic form that can bioaccumulate and 
biomagnify (progressively concentrate) to high levels in food chains, particularly in fish. This is the major route of exposure for the general public 
(WHO 1989b, UNEP 2002).Workers may also be exposed to mercury through inhalation of mercury vapour or dust. 


Mercury and its compounds are highly toxic and this metal that has no biochemical or nutritional value (WHO 1989b). Inhalation of high levels of 
mercury vapour may cause a range of effects including impact to the central nervous system (CNS) (ATSDR 1999c, Goyer 1996). Long-term 
exposure to lower levels of mercury vapour can also cause effects on the CNS and damage to the kidneys (Ratcliffe et a/. 1996, Goyer 1996). These 
effects have also been reported in animal (ATSDR 1999c). 


For the general population the primary route of exposure to mercury is through diet in the form of methyl-mercury (UNEP 2002). This form of 
mercury can accumulate in the body and its main impact is damage to the nervous system. M ethyl-mercury can readily pass through the placental 
barrier and the blood-brain barrier, and can have adverse effects on the developing brain and central nervous system in foetuses and children, even at 
levels to which many people are currently exposed (Mahaffey et a/. 2004, UNEP 2002). Recent research also indicates that exposure can increase 
cardiovascular and heart disease (Virtanen et a/. 2005). 


A number of regional controls exist on the use of mercury in products. EU legislation restricting the use of certain hazardous substances (ROHS) in 
electrical and electronic equipment, prohibits the use of mercury in new equipment put on the market from 1 J uly 2006 with a maximum 
concentration of 0.1% by weight in specific materials and components, with certain exceptions for the use of mercury in fluorescent lamps (EU 
2002a). Under legislation addressing waste electrical and electronic equipment (WEEE), mercury containing components must be removed from any 
separately collected WEEE, and mercury must be removed from gas discharge lamps (EU 2002b). The use of mercury in products is further addressed 
under EU legislation, including the prohibition of batteries and accumulators containing more than 0.0005% of mercury, other than for button cells 
with a maximum allowable content of 2% (EU 1998). 


Both dust samples also contained additional organochlorines: traces of DDT metabolites and beta-HCH in sample 1T04001; and traces of chlorinated 
benzenes from di- to pentachlorinated in the sample 1105011. In the past, PCBs were widely used in electrical and electronic applications, though are 
now banned from new uses throughout the world. The presence of beta-HCH and metabolites of DDT is most likely due to the ongoing use of these 
chemicals as insecticides, and not connected to the workshops activities. Additionally, several aliphatic and aromatic hydrocarbons were identified in these 
samples, such as long chain linear hydrocarbons and polycyclic aromatic hydrocarbons (PAHs). 


The two samples of dusts collected from workshops in the Shashtri Park area of New Delhi (1T05007 and 1T05008) also where contaminated with the 
PCBs and contained up to 38 PCB congeners identified in the sample 1T05007. Both samples contained a range of aromatic and aliphatic hydrocarbons, 
representatives of the metylated siloxanes (decamethylcyclopentasiloxane and octamethylcyclotetrasiloxane), and several PBDEs, though some of them 
only at trace levels. Additionally, sample 1T05008 contained seven congeners of polychlorinated naphthalenes (PCNs) from tri- to pentachlorinated. In 
the past, PCNs had a similar application to the PCBs and were used as a flame retardants, dielectrics in capacitors, as additives in engine oils, 
electroplating stop-off compounds and as preservatives in wire insulation. PCNs exhibit some similarity in their toxic effects to those of PCBs, see Box 9. 
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BOX 9: POLYCHLORINATED NAPHTHALENES (PCNs) 


The chlorinated naphthalenes (PCN s) show many similarities with PCBs and chlorinated dioxins and furans, but have been far less extensively 
researched. Theoretically, there are 75 possible PCN congeners, but not all are likely to form in practice. 60 or more are thought to be present in 
commercial preparations (e.g. “Halowax”) and environmental samples, although analysis is limited by the lack of availability of pure standards 
(Hayward 1998). 


PCNs were predecessors to the PCBs, being used inter alia as dielectrics in capacitors, insulation in detonators, cutting oils, additives in engine oils, in 
electroplating and die casting, as insulating compounds in wiring and as preservatives for wood, paper and fabrics (Hayward 1998, Kimbrough & 
Grandjean 1989, Falandysz 1998). PCNs also appear as contaminants in PCB preparations as well as being generated as unintentional byproducts of 
thermal processes involving chlorine. Although they were largely removed from use in the 1960s and 1970s, PCNs remain in numerous long-lived 
items of household, industrial and laboratory equipment. An episode of laboratory contamination in Sweden in the early 1990s was found to be caused 
by PCNs volatilising from the capacitors and wire coatings of old electronic equipment (Weistrand et a/. 1992). 


The environmental persistence of P CNs increases with increasing degree of chlorination. The more highly chlorinated P CNs (penta - octa) do not 
appear to be metabolised (Safe 1989). Others may be partially metabolised to hydroxylated PCNs or methyl sulphone derivatives (Falandysz 1998). 
Though relatively little studied in comparison with PCBs and other persistent organochlorines, bioaccumulation in wildlife has been reported (e.g. 
Falandysz and Rappe 1997). Similarly there are few measurements of PCNs in human tissues, principally because of the difficulties in quantification, 
though some have been detected in breast milk in North America and Northern Europe (Mes et al. 1993, Hayward et a/. 1989). 


Occupational exposure to PCNs has produced numerous symptoms that are also typical of PCBs, PCDD/Fs and technical chlorophenol mixtures, 
including effects on the skin, liver, digestive tract and peripheral nervous system (Hayward 1998, Kimbrough & Grandjean 1989). In the cable 
industry, where PCNs were used for insulation, chloracne was reported among both cable manufacturers and subsequent handlers, especially those 
working with PCNs or PCN treated materials at high temperatures. 


PCNs can cause adverse effects on the reproductive system, including low egg hatchability in birds and reduction in semen production and quality in 
mammals (M orrissey & Schwetz 1989). On the basis of their ability to induce certain key enzyme systems in mammals, some PCN congeners are also 
recognised to have dioxin-like toxicity (Hanberg et a/. 1990, Kannan et a/. 1998). 


Clearly the recycling of “e-wastes” at these workshops using manual separation techniques results in the distribution of many organic chemicals and 
metals that are present in “ e-wastes” into the workshop environment. 
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BOX 10: POLYCHLORINATED BIPHENYLS (PCBs) 


Polychlorinated biphenyls (PCBs) are a group of synthetic organic chemicals that contain 209 individual compounds (known as congeners) with 
varying patterns of chlorine substitution. PCBs have been used in a wide variety of applications, including transformer oils, hydraulic fluids, plasticisers 
and carbonless copy papers. They were also used in capacitor dielectrics, heat transfer fluids, lubricating and cutting oils, and in paints and printing 
inks (ATSDR 2000). Use in transformer oils (frequently with tri- and tetrachlorobenzenes as solvents, Swami et al. 1992) and capacitors accounted 
for the greatest tonnages (de Voogt & Brinkman 1989). Production of PCBs was banned in 1977 when their ability to accumulate in the environment 
and to cause harmful effects became apparent (ATSDR 2000). 


PCBs enter the environment as mixtures containing a variety of individual components and impurities. At least one third of the PCBs that have been 
produced are now estimated to have entered the environment (Swedish EPA 1998). The other two thirds remain in old electrical equipment and in waste 
dumps, from which they continue to leach into the environment (for example, when obsolete equipment is dismantled, recycled and/or disposed of). 


Once released to the environment from whatever source, PCBs are highly persistent. Furthermore, PCBs that are taken up by aquatic organisms and 
fish accumulate in them, reaching levels that may be thousands of times higher than in water (ATSDR 2000). PCBs are bioconcentrated to a factor of 
6000 for fish and 47 000 for invertebrates (J ones et a/. 1988). Train (1979) reports bioconcentration factors of between 2500 and 100 000. 


PCBs can be absorbed through the skin as well as through ingestion and inhalation. For the general population today, food is undoubtedly the primary 
route of exposure to PCBs (see e.g. review by Allsopp et a/. 2000), although dermal exposure may be dominant amongst those directly handling PCBs 
or PCB-contaminated materials (Lees et a/. 1987). 


PCBs exhibit wide range of toxic effects in animals, including immunosuppression, liver damage, tumour promotion, neurotoxicity, behavioural changes 
and damage to both male and female reproductive systems (Seegal and Shain 1992, Safe 1993, Rice 1999). PCBs may affect not only the oestrogen 
system, but also the androgen system, the thyroid hormone system, the retinoid system, the corticosteroid system and several other endocrine pathways 
(Brouwer et a/. 1999). Although it is difficult to assess the impact of contaminants on populations in the wild, not least because they are exposed to 
complex mixtures of chemical contaminants, some immunological and reproductive disorders in marine mammals have nevertheless been linked to 
elevated levels of persistent organochlorines, in particular the P CBs (see reviews by Allsopp et a/. 1999, 2001a, Haave et al. 2003). 


In humans, the greatest body of research on the toxic effects of PCBs has come from two incidents in J apan and Taiwan where people consumed 
cooking oil that was contaminated with PCBs and other organochlorines.. A recent review of data for children born to mothers exposed to PCBs and 
P-CDFs in the Taiwan incident notes higher incidences of retarded growth, delayed cognitive development and behavioural problems than in children of 
unexposed mothers (Guo et a/. 2004).In young men with prenatal exposure there was also significantly increased abnormal morphology of sperm. 
Studies on the general population of the Netherlands and the Arctic and families of Swedish fishermen (reviewed by Allsopp et a/. 2001a, Allsopp et 
al. 1999) suggested that even relatively low levels of exposure to PCBs can result in impacts on the immune system (see also Weisglas-Kuperus et al. 
2004) growth retardation and neurological effects. 


The control of PCBs is addressed under many international legal instruments relating to environmental pollution (inter alia, the Barcelona, Helsinki, 
Basel, Bamako, Rotterdam, OSPAR and LRTAP Conventions and the International J oint Commission on the Great Lakes). |n addition, PCBs are 
targeted for global production ban under the 2001 Stockholm Convention on persistent organic pollutants (POPs), an instrument which also requires 
proper controls on destruction of stockpiles and the handling of wastes. 
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battery dismantling workshops, India 


Samples of dust collected from two separate batteries dismantling workshops in New Delhi, India were heavily contaminated with toxic metals. The dust 
from a workshop in M ayapuri where batteries (primarily lead acid batteries) are recycled (1T05018) contained 8.8% lead (88100 mg/kg), about 200 
times higher than typical indoor dust levels and the highest concentrations found all samples from both India and China (other than for pure metal 
solders). This dust also contained higher levels than typically found in indoor dusts for antimony (40 times), cadmium and copper (9 times) and zinc 

(3 times) (Butte & Heinzow 2002, Culbard et al. 1988). 


Cadmium and its compounds are used in a number of applications within electronics products. Cadmium metal is used in some contacts, switches and 
solder joints. M any laptop computers contain rechargeable nickel-cadmium (Ni-Cd) batteries which contain cadmium oxide. Cadmium compounds have 
also been used as stabilisers within PVC formulations, including those used as wire insulation. Cadmium sulphide has been also used in older cathode 
ray tubes (CRTs) as a phosphor coating, a material used on the interior surface of the screen to produce light (Li et a/. 2004, OECD 2003). 


Cadmium is a rare metal, found naturally in the environment as very low concentrations, typically below 2 mg/kg in soils and sediments, below 5 mg/kg 
in indoor dusts (Alloway 1990, Butte & Heinzow 2002, Salomons & Forstner 1984).When released to aquatic environments cadmium is more mobile 
than most other metals (ATSDR 1999A). Cadmium is highly toxic to plants, animals and humans, having no known biochemical or nutritional function 
(ATSDR 1999A, WHO 1992). Exposure can result in bioaccumulation of cadmium in humans. M any animals and plants, including those consumed by 
humans, can also accumulate cadmium, providing an additional route of dietary exposure for humans (Elinder & J arup 1996, Olsson et a/. 2005). 


Cadmium exposure can occur occupationally through inhalation (breathing in) of fumes or dusts containing cadmium and its compounds, or through 
environmental exposures, primarily diet. Cadmium is a cumulative toxicant and long-term exposure can result in damage to the kidneys and bone 
toxicity. For the general population and for animals, cadmium exposure through diet primarily affects the kidneys (Elinder & J arup 1996, WHO 1992). 
Recent studies have demonstrated kidney damage in humans at lower levels of exposure than previously anticipated (Hellstrom et a/. 2001). Other 
health effects from cadmium exposure include disruption to calcium mechanisms causing bone effects, as well as the development of hypertension 
(high blood pressure) and heart disease. In the short term, inhalation of cadmium oxide fumes or dusts can also affect the respiratory system (ATSDR 
1999A, Elinder & J arup 1996, WHO 1992). Furthermore, cadmium and its compounds are known to be human carcinogens, primarily for lung cancer 
following inhalation (DHSS 2002). 


There are a number of regional controls on the use of cadmium in products. EU legislation restricting the use of certain hazardous substances (ROHS) 
in electrical and electronic equipment prohibits the use of cadmium in new equipment put on the market from 1 J uly 2006 (EU 2002a), witha 
maximum allowable concentration of 0.01% cadmium by weight in homogeneous materials. There are exemptions to this for the use of cadmium in 
certain plating applications. Under legislation addressing waste electrical and electronic equipment (WEEE), batteries containing more than 0.025% 
cadmium by weight must be separated from wastestreams and recycled where appropriate (EU 2002b). The use of cadmium in products is further 
addressed under other EU legislation, including restrictions on its use as a colouring agent or stabiliser in a wide range of products (including PVC) 
where the cadmium content exceeds 0.01 % , with some exceptions for safety reasons (EU 1991). 


In addition, 40 PCB congeners were identified in this dust sample, as well as two metylated siloxane compounds, and several PAHs and aliphatic 
hydrocarbons. No PBDEs were detected in this sample. 


Dust from a workshop in the Buradi area of South Delhi (1705029) where a wider range of batteries are recycled, including nickel-cadmium (Ni-Cd) 
batteries, was also highly contaminated with heavy metals. This dust contained very high levels of cadmium (20% ), nickel (4.8% ) and lead (1.3%). 
The concentrations of cadmium and nickel in this sample 


were the highest concentrations found in this study. The levels are 40000 times higher than typical indoor dust levels for cadmium, and about 500 times 
higher for nickel. 


Cobalt, copper, mercury and tin were also present at elevated concentrations, but less so; between 5 and 50 times typical indoor dust levels (Butte & 
Heinzow 2002, Culbard et a/. 1988). Although the concentration of mercury in this sample was low compared to other metals (48 mg/kg), this metal is 
generally found at very low concentrations in uncontaminated samples. Studies of metal levels in indoor dusts seldom report mercury concentrations, 
though levels of <1-10mg/kg have been found in house dusts (Butte & Heinzow 2002). Some batteries, particularly button-cell types, incorporate 
mercury; their dismantling is a likely source of mercury at this location. 
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environmental around the separation and solder recovery workshops 


In China, the two samples of house dust collected from the homes of solder-recovery workers (CH05018 & CH05019) contained higher levels of 
antimony, cadmium, copper, lead and tin than in dust from a house where none of the residents are employed in any form of work involving electronic 
wastes (CH05035). In one of the workers homes’ dust samples (CH05019), the levels of lead and tin, the main metal identified in the metallic solder, 
were 23 and 43 times higher than levels found in the single control home (CH05035). The levels of lead and tin in the other workers homes’ dust sample 
(CH05018), and of antimony, cadmium, copper in both workers homes’ dust samples, were higher than levels in the single control home dust (CH05035) 
by between 2 and 7 times. As for the workshop dust samples, the high concentrations of both tin and lead in the dust from the workers homes 
demonstrates that lead-tin solders are the source of the lead contamination in these homes. 


These data provide a preliminary indication that metals used in solders can be carried back to the homes of people working in this sector, presumably through 
contamination of work clothing, therefore increasing the potential of exposure to these metals for themselves and other members of the household. This is of 
particular concern where operations involve solders that contain lead, a highly toxic metal. Lead exposure is can lead to accumulative, and some resulting toxic 
effects on the nervous system appear to be irreversible. Increased exposure, which can occur through the inhalation or ingestion of contaminated dusts, has been 
linked to intellectual impairment in children as a result of effects on brain and nervous system development (Canfield et a/. 2003, Lanphear et a/. 2005). 


In India, street dust samples were collected in the Shashtri Park area of East Delhi, in the vicinity of recycling workshops. One of the samples of street dust (1T05022) 
contained high concentrations of lead (1300 mg/kg) and tin (2020 mg/kg). These are major components of electronic solder and were also found in high concentrations 
in both samples of dust collected from workshops in this area (1T05007 & 1T05008). Street dusts from other areas in New Delhi contained far lower concentrations of 
lead and tin; dust from a similar street in the Kailash area of East Dahi (1T05027) where e-waste recycling is not believed to take place contained only 100 mg/kg lead 
and <30 mg/kg tin. Dusts from a street in the Safourjung residential area of South Dehi (CH05028) contained even lower lead, at only 20 mg/kg. 


All street dusts from Shashtri Park also contained copper and zinc at higher concentrations than those found in the sample from the Safourjung area 
(CH05028), though not higher than the street dust from the Kailash area. One sample from Shashtri Park (1T05024) also contained cadmium at 1.4 
mg/kg, higher than in all other street dust samples though not significantly higher than typical levels reported for urban street dusts and uncontaminated 
soils (Alloway 1990, Culbard et a/. 1988, Li et a/. 2001, Rasmussen et a/. 2001). 


In addition three out of four Shashtri Park street dusts samples, with the exception of the sample 1T05023, also contained PCBs - chemicals also 
identified in both samples of dust collected from workshops in the area (1T05007 & 1T05008).The highest number of PCB congeners were identified in 
sample 1705022, that which also contained the highest lead and tin concentrations. One of the street dusts (1T05024) also contained two phthalate 
esters, namely diethylhexyl phthalate (DEHP) and dibutyl phthalate (DBP), which could also indicate the impact from the local workshops, though other 
sources cannot be ruled out. !n contrast, the two control samples (1T05027 and 1105028) collected from streets with no known e-waste recycling 
activities did not contain any representatives of PCBs, PBDEs or phthalate esters. 


BOX 12: PHTHALATES (PHTHALATE ESTERS) 


Phthalates (or, more accurately, phthalate diesters) are non-halogenated chemicals with a diversity of uses, dominated by use as plasticizers (or 
softeners) in plastics, especially PVC (e.g. in cables and other flexible components). Other applications included uses as components of inks, adhesives, 
sealants, surface coatings and personal care products. Some phthalates are discrete chemicals, such as the well known di(2-ethylhexyl) phthalate 
(DEHP), while others are complex mixtures of isomers, such as diisononyl phthalate (DINP). 


All uses of phthalates, especially the major use as PVC plasticisers, result in large-scale losses to the environment (both indoors and outdoors) during 
the lifetime of products, and again following disposal. J ust within the European Union (EU) this amounts to thousands of tonnes per year (CSTEE 
2001a). As a result, phthalates are among the most ubiquitous man-made chemicals found in the environment. They are widely found in the indoor 
environment, including in air and dust (Otake et a/. 2001, Butte & Heinzow 2002, Fromme et a/. 2004).. Phthalates are commonly found in human 
tissues, including in blood and, as metabolites, in urine (Colon et al. 2000, Blount et al. 2000, Silva et al. 2004). In humans and other animals they 
are relatively rapidly metabolised to their monoester forms, but these are frequently more toxic than the parent compound (Dalgaard et a/. 2001). 


Substantial concerns exist with regard to the toxicity of phthalates to wildlife and humans. For example, DE HP, one of the most widely used to date, is 
a known reproductive toxin, capable (in its monoester form MEHP) of interfering with development of the testes in early life. 1n addition, adverse 
impacts on female reproductive success in adult rats and on development of the young have been reported following exposure to this chemical 
(Lovekamp-Swan & Davis 2003). Butylbenzyl phthalate (BBP) and dibutyl phthalate (DBP) have also been reported to exert reproductive toxicity 
(Ema & Miyawaki 2002, Mylchreest et a/. 2002). Both DEHP and DBP are classified as “toxic to reproduction” within Europe. Recent research has 
revealed a correlation between phthalate exposure during pregnancy and decreased ano-genital index (distance from the anus to the genitals) in male 
children (Swan et al. 2005). Decreased AGI correlated with concentrations of four phthalate metabolites, namely monoethyl phthalate (MEP), mono- 
n-butyl phthalate (MBP), monobenzyl phthalate (MBzP), and monoisobutyl phthalate (MiBP). Other commonly used phthalates, including the 
isomeric forms DINP and DIDP (diisodecyl phthalate), are of concern because of observed effects on the liver and kidney, albeit at higher doses. 


At present, there are few controls on the marketing and use of phthalates, despite their toxicity, the volumes used and their propensity to leach out of 
products throughout their lifetime. DEHP is also proposed as a “ priority hazardous substance” under the EU Water Framework Directive (EU 2001), 
such that action to prevent releases to water within 20 years will be required throughout Europe. Of the controls which do exist, however, probably the 
best known is the EU-wide emergency ban on the use of six phthalates in children’s toys designed to be chewed (first agreed in 1999 and then 
repeatedly renewed, EC 2004).This is expected very soon to be replaced by a permanent ban. While this will address one important exposure route, 
exposures through other consumer products remain unaddressed. 


Three of the street dust samples from Shastri Park (1T05023,1T05024 and 1T05025), as well as the control sample from Kailashnagar (1T05027) also contained 
DDT and its metabolites. The source of these chemicals is presumably from use as a mosquito vector control, and not connected to the workshops activities. 


These data indicate that the local environment around e-waste recycling facilities is significantly affected by the activities of these facilities. 
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iii separation and mechanical shredding 


Sediments collected from the discharge channels of mechanical shredder workshops in China contained highly elevated concentrations of many heavy 
metals, indicating the accumulation of these metals from wastewaters discharged by facilities. 


TABLE 3.3: ORGANIC CHEMICALS AND METALS IDENTIFIED IN SAMPLES ASSOCIATED WITH THE SEPARATION AND MECHANICAL SHREDDING OF MATERIALS AT RECYCLING 


THE NUMBER IN PARENTHESES ( ) SIGNIFIES COMPOUNDS IDENTIFIED AT TRACE LEVELS USING A SELECTIVE ION MONITORING (SIM) METHOD. 


Sample number CH05015 CH05032 CH05033 CH05036 CH05037 CH05038 
Sample type sediment shredder waste ground water sediment sediment waste water 
pc dike posidat dummpsite nN ciohnel end ‘ieeainal stale ate 
Location Guiyu-N anyang Guiyu-N anyang Guiyu-N anyang Chendian-Guiyu Chendian-Guiyu Chendian-Guiyu 
Road shredder Road shredder Road shredder Road shredder Road shredder Road shredder 
workshop workshop workshop workshop A workshop A workshop A 
metals mg/kg dw mg/kg dw mg/l mg/kg dw mg/kg dw mg/l 
Antimony 1750 1440 <0.05 1390 2150 0.21 
Arsenic <20 <20 <0.02 70 58 <0.02 
Barium 2770 357 0.151 1890 1670 0.178 
Beryllium <0.2 <0.2 <0.002 1.1 <0.2 <0.002 
Bismuth 126 13 <0.2 71 24 <0.2 
Cadmium 13.5 62.9 <0.005 31.0 19.5 0.008 
Chromium 92 53 <0.02 53 32 <0.02 
Cobalt 38 22 <0.02 39 15 0.204 
Copper 30100 2450 <0.02 9980 9520 0.15 
Gold <10 <10 <0.1 <10 <10 <0.1 
Lead 12000 1580 0.063 10000 4505 0.041 
Manganese 4440 1580 0.199 3860 1780 5.70 
Mercury 2.0 LD <0.002 18.1 7.1 <0.02 
Molybdenum 28 4 <0.02 22 7 0.026 
Nickel 850 281 <0.004 349 149 0.017 
Silver 258 112 <0.02 312 115 <0.02 
Tin 5310 1600 <0.4 9830 4560 <0.4 
Vanadium 10 15 <0.002 23 16 <0.002 
Y ttrium 3 3 <0.001 31 6 <0.001 
Zinc 5250 2640 0.035 3710 2005 0.451 
No. organic compounds isolated 113 132 10 124 143 n/a 
No. reliably identified (% of total) 78 (69% ) 37 (28%) 5 (50% ) 81 (65%) 53 (37%) nla 
chlorinated compounds 
Chlorinated benzenes 0 0 0 nla 
PCBs 0 0 0 nla 
Other organochlorines 1 0 1 nla 
brominated compounds 
PBDEs 30(13) 9(1) 0 27(15) 12(15) n/a 
Other organobromines 0 0 0 1 0 n/a 
non-halogenated compounds 
P hthalate esters 0 0 2 0 6 nla 
Aliphatic hydrocarbons 29 22 0 19 2 nla 
Aromatic hydrocarbons 2 4 3 14 4 nla 
Organophosphate compounds 0 0 0 0 4 nla 
Alkylphenols 0 0 0 1 4 nla 
Others 2 0 0 3 5 nla 
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Discharge channel sediment from a facility near the Lianjiang Bridge on the Guiyu-Nanyang Road (CH05015) contained copper, lead and tin at very high 
concentrations, (between 400 and 600 times typical background levels of these metals in soils and sediments) as well as antimony at nearly 200 times 
background levels. A wide range of other metals were also present at elevated concentrations, though to a lesser degree, including silver and zinc (at 
between 50 and 60 times typical background levels) as well as barium, bismuth, cadmium and nickel at between 5 and 20 times typical background levels 
(ATSDR 2000, Alloway 1990, Salomons & Forstner 1984). 


For the two facilities located close to the Chendian to GyiYu road, two sediments were analysed from the discharge channel of the facility closest to the 
road (CH05036-37). A sample of discharged wastewater was also collected from this facility, the analysis of which is discussed below. For the channel 
sediments, the concentrations of metals found at elevated levels were of a similar magnitude in both samples, though the sediment from the end of the 
channel (CH05037), immediately before it entered the Lianjiang, contained a number of metals at concentrations up to 2 times higher than in the 
sediment collected at the start of the discharge channel (CH05036), where wastewaters are discharged from the workshop via a pipe. 


WORKSHOPS IN GUIYU, CHINA, 2005. With a few exceptions, the levels of metals present at 
elevated concentrations in these two sediment samples 


were generally similar (from 0.5 to 2 times) to the 


CH05038 CH05039 CH05020 CH05020 CH05020 concentrations found in the discharge channel sediment 
waste water sediment dust dust dust collected from the facility near the Lianjiang Bridge on 
discharge pipe discharge workshop floor | workshop floor workshop floor © the Guiyu-Nanyang Road (CH05015), as described above. 
(unfiltered) channel; Start ; ; , 
Chendian-Guiyu workshop B Nanyang printer Nanyang printer Nanyang printer abe Neve oDu brut br Lee dion giclee seme Otay 
Road shredder workshop workshop workshop and of copper in both sediments (CH05036 & 37) from the 
workshop A facility close to the Chendian to GyiYu road were between 
mg/l mg/kg dw mg/kg dw mg/kg dw mg/kg dw 3 and 5 times lower than those at the Guiyu-N anyang Road 
7.00 1800 97 97 97 facility (CHO5015). Conversely, concentrations of mercury 
1515 a2 220 20 220 were higher in samples CH05036 & CH05037. Although 
the concentrations of mercury in these samples were far 
41.75 4460 93 93 93 lower than other metals, they still represent a significant 
0.003 0.4 <0.2 <0.2 <0.2 elevation above background mercury concentrations, which 
<0.2 250 <20 <20 <20 are typically below 0.5 mg/kg (Alloway 1990, Salomons & 
0.644 85.2 45 45 45 Forstner 1984). 
0.548 189 159 159 159 Organic contaminants that were identified in these two 
0.462 95 35 35 35 sediment samples (CH05036 & CH05037) included a 
91.0 45900 19200 19200 19200 range of PBDEs with up to 42 congeners in sample 
<0.1 <10 <10 <10 <10 i eee us se Hane ie 
ormone-disrupting chemical nonylphenol (in one case, as 
20.0 eaete 264 284 268 an isomeric mixture), and the chlorinated compound 
57.45 8750 1940 1940 1940 Mirex, Although perhaps most widely known for its use to 
0.655 41.9 7.8 7.8 7.8 control fire ants, mirex also received extensive use as a 
0.055 126 22 22 22 flame retardant in plastics, rubber, paint, paper, and 
2.15 2060 398 398 398 electrical goods from 1959 to 1972 (ATSDR 1995). 
0.949 739 - 2 D M irex is a highly persistent and bioaccumulative chemical 
which binds tightly to soils and sediments and can build up 
62.7 33000 116 116 116 in fish or other organisms that live in contaminated water 
0.303 21 8 8 8 or that eat other contaminated animals. F urther 
0.275 7 8 8 8 information is given in Box 13. 
47.90 13700 8950 8950 8950 Furthermore, the sample CH05037 contained a diversity 
213 135 148 148 148 of phthalate esters, chemicals used as plasticisers in a 
74 (35%) 83 (61%) 52 (35%) 52 (35%) 52 (35%) range of polymers (especially PVC), including the known 
reproductive toxins dibutyl phthalate (DBP) and di(2- 
1 ethylhexyl) phthalate (DEHP). Box 12 provides additional 
(1) (5) 0 0 0 ‘ f 
information on uses and hazards of phthalates esters. 
0 0 24(11) 24(11) 24(11) 
1 4 0 0 0 
4(9) 30(10) 0 0 
0 5 0 0 0 
0 0 0 0 0 
36 16 9 9 9 
17 5 6 6 6 
0 0 0 0 0 
1 0 0 0 
7 2 2 2 


TOXIC TECH IN CHINA & INDIA | 35 


ENVIRONMENTAL 
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Although probably better known for its use as an insecticide, mirex was also used extensively as a flame retardant (under the trade name “ Dechlorane” ) 
in thermoplastic and thermosetting resins, rubber, paint, paper and electrical products (ATSDR 1995). Large-scale production continued until 1976, 
though manufacture as a flame retardant is thought to have ceased in 1972. Some use as an insecticide may continue in certain countries, though this is 
hard to verify. Similarly, the extent of its presence in obsolete electrical and electronic equipment around the world is not known. 


Mirex is strongly bioaccumulative and is among the most persistent of all the chlorinated pesticides, remaining for extended periods in lipid tissue. 
Though it may be partially broken down over time to form photomirex or chlordecone, both these breakdown products are also toxic and persistent. 


Mirex primarily affects the central nervous system (CNS) and behavioural effects have been reported in exposed animals. On the basis of evidence 
from animal studies, it is reasonably anticipated to be a human carcinogen (DHHS 1998) and was classified as group 2B (possibly carcinogenic to 
humans) by the IARC in 1987. The liver is the primary site of carcinogenesis in most animal models, though the kidney is also susceptible to damage. 
Chronic exposure to mirex, or its primary degradation product photomirex, can also disrupt thyroid hormones, depressing levels and altering the 
structure of the gland (Smith 1991). Reproductive effects include impairment of ovulation and testicular damage in rats, as well as formation of 
cataracts in both newborn mice and rats (ATSDR 1995). 


Mirex is one of the chemicals targeted for elimination under the 2001 Stockholm Convention on persistent organic pollutants (POPs). 


This sample also contained residues of the hazardous organophosphorus flame retardant triphenyl phosphate (TPP), as well as two closely related 
chemicals, which may be contaminants, or primary degradation products of TPP preparations. Traces of PBDEs and dichlorinated benzens, as well as 
mirex, were also detectable in the wastewater/slurry sample CH05038 flowing from this facility to the channel at the time of sampling. The latter sample 
had as many as 213 organic compounds isolated, the highest number among the samples collected in association with the physical 
separation/fragmentation/deconstruction of materials at recycling workshops in Guiyu, China. Additionally to the organic pollutants mentioned above, this 
sample contained PAHs and a wide range of aromatic and aliphatic hydrocarbons. Altogether, however, only 35% of all organic compounds isolated from 
this sample could be reliably identified. 


Moreover, it was impossible to specify the identity of two organic compounds that were isolated from the sediment sample CH05036 which show GC/MS 
fragmentation patterns characteristic for polyhalogenated (probably polybrominated) organic compounds. This provides an additional indication of the 
diversity and complexity of the organic contaminants arising from such activities. 


It was not possible to collect wastewater from the channel serving the other shredding facility on the Chendian to GyiYu road. Nevertheless, a sample of 
sediment CH05039 from this channel revealed the presence of a diverse array of chlorinated and mixed chlorinated/brominated benzenes and chlorinated 
naphthalenes, additional to contaminants that were found in sediments of the neighbouring facility such as PBDEs, Mirex, and nonylphenol. The presence 
of the chlorinated naphthalenes may well arise from their former use as flame retardant additives in plastics and rubbers, though they have had a 
diversity of other uses. 


The discharge channel sediment from the facility located a little further from the Chendian to GyiYu road (CH05039) contained a similar pattern of 
metals at elevated concentrations. For all these metals, the concentrations in this sample were higher than, but of a similar order of magnitude to, those 
in the discharge channel sediments from the two facilities described above. Concentrations were generally only 2-3 times higher than those in the 
discharge channel sediment at the Guiyu-Nanyang Road facility (CH05015). 


Of the three shredder workshops, it was only possible to collect discharged wastewater from the facility nearest to the Chendian to GyiYu road, where 
discharge channel sediments CH05036 & CH05037 were also collected. The wastewater (CH 05038) contained very high levels of suspended particles. 
The concentrations of dissolved metals in a filtered portion of this sample, as well as the total concentrations of metals in the whole sample were 
separately determined. 


The wastewater did not contain significantly elevated concentrations of dissolved metals. For most metals, concentrations in natural surface waters can 
vary over a large range depending on local conditions. Where dissolved metals in the filtered wastewater sample were present above method detection 
limits, their concentrations were within the background ranges reported for surface waters (ATSDR 2000, Salomons & Forstner 1984, WHO 1992). 


Total metal concentrations in the unfiltered sample, however, were far higher for all metals. This wastewater contained barium, copper, lead, manganese, 
tin and zinc at total concentrations of between 42 and 91 mg/l, as well as antimony and nickel at between 2 and 7 mg/l. As the metals in this sample 
were primarily present in the form of waste particles suspended in the water, it is not possible to draw direct comparisons with equivalent data for typical 
background water concentrations. However, the discharge of wastewaters containing suspended particles with such a wide range of metals at these high 
concentrations will place a large and accumulating burden on receiving water bodies, as seen in the very high metal concentrations in the discharge 
channel sediments. 


Other samples were collected in the vicinity of the shredder workshop located near to the Guiyu-Nanyang Road. 


36 | TOXICTECH IN CHINA & INDIA 


A sample of shredded material that had been dumped in the open behind the workshop (CH05032) contained a very similar pattern of metal 
contamination to that in the discharge channel sediment from this workshop (CH05015). For most metals, the concentrations in the sediment were 
somewhat higher than in this solid waste, by 2 to 10 times. Mercury and cadmium were both approximately 4 times higher in the solid waste (CH05032). 


Organic contaminants that were detected in these two samples (sediment 1105015 and shredded material CH05032) were also of similar pattern and 
included the brominated flame retardant compounds PBDEs, the chlorinated insecticide or flame retardant Mirex and a range of aliphatic and aromatic 
hydrocarbons. A total of 43 PBDE congeners, from tribrominated to hexabrominated, were isolated from the sediment sample |T05015 taken from the 
wastewater ditch of the facility close to the GyiYu to Nanyang road. Additionally, sample 1T05015 contained two representatives of fatty acid esters. 


Clearly metals and organic contaminants contained within the “ewastes” being processed at this facility are being released into the wider environment by 
a number of different routes. 


A sample of groundwater (CH05033) was also collected from a hand pump located adjacent to the shredder workshop. This water did not contain any of 
the metals analysed for at levels significantly elevated above typical background concentrations. However, during organic analysis several compounds were 
reliably identified in this sample including two phthalate esters (DnBP and DiBP), benzothiazole and it’s derivative, and also one phenolic compound. The 
origin of these contaminants cannot be discerned from these data, though clearly the recycling of plastic wastes is one possability. 


printer storage and dismantling workshop 


The sample of dust (CH05020) collected from the printer-dismantling workshop contained a high concentration of copper (approximately 100 times 
typical indoor dust levels) as well as antimony, nickel and zinc at less elevated concentrations (between 4 and 6 times typical background dust levels) 
(Butte & Heinzow 2002, Culbard et a/. 1988). 


A similar pattern of contamination was found in the mixed soil/sediment sample (CH05021) collected from a shallow pool immediately outside, 
demonstrating the spread of chemicals out of the workshop. This samples was highly contaminated with copper (at over 500 times typical background 
levels), as well as lead (80 times) and antimony, tin and zinc (at between 30 and 40 times background levels). This soil/sediment also contained both 
mercury and cadmium at approximately 30 mg/kg. While lower than the concentrations of other metals, these levels are still significantly elevated above 
typically very low background concentrations of these metals, by approximately 20 times for cadmium and 60 times for mercury (Alloway 1990, ATSDR 
1999a&c, Salomons & Forstner 1984). 


Both samples collected in association with the printer storage and dismantling workshop contained a range of PCBs identified to a high degree of reliability 
- from 35 to 53 congeners identified in the floor dust sample CH05020 and in the soil/sediment sample from pool outside workshop CH05021 respectively. 
In fact, the latter soil/sediment sample had the widest range of PCB congeners (from mono- to heptachlorinated) and the highest abundance of PCBs 
among all the samples considered in this study. lt has been reported that some older, large printers included PCB containing capacitors (OECD 2003). 


Taking into account that this shallow pool is used by workshop workers for washing after finishing dismantling work, this could represent a direct route of 
exposure to hazardous chemicals arising from the processing of printers. Although it is not possible from the results of this study to evaluate the extent of 
damage to health and the environment from these widespread practices, these results do underline the urgent need for such studies to be undertaken. 


Despite the reports by locals of recent changes in the quality of the groundwater in the area, the groundwater collected from a hand pump in the yard 
adjacent to the workshop (CH05022) did not contain any metals at elevated concentrations. There were also few organic compounds present in this 
sample, as revealed by the organic analysis. Among five organic compounds that were isolated from this sample just two were reliably identified, namely 
phthalate esters DnBP and DiBP. The presence of traces of these compounds is unlikely to account for the unusual properties of the water from this 
pump previously described. 


Note that very high concentrations of metals were found in samples collected from an acid working area, about 1.5 km away in Huamei (Section 3.4.2). 
However, the groundwater collected at the printer workshop (CH05022) does not appear to have been contaminated by the activities of at the Huamei 
acid working area. 


GUIYU, CHINA - 8 MARCH 2005 - A 
MIGRANT WORKER STRIPS WIRES FROM 
E-TRASH IN AJUNK YARD IN GUIYU IN 
GUANGZHOU PROVINCE. 
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iv acid processing of wastes 


China; Longmen village 


At Longmen, both samples of soil/acid residues 
CH05005 and CH05045 that were collected 
from working areas within the upstream acid 
processing workshop contained a diverse range of 
organohalogen compounds including chlorinated 
benzenes, PCBs and brominated flame retardants 
(PBDEs), Mirex was detected in the sample 
CH05005 only. 34 and 36 PCB congeners and 
11 and 9 PBDE congeners were identified in the 
samples CH05005 and CH05045 respectively, 
though some of them at trace levels. Also, both 
samples had a variety of aliphatic and aromatic 
hydrocarbons reliably identified. 


In contrast, no PCBs and PBDEs were 
identified in the three samples of soil/acid 
residue CH05007, sediment CH05009 and the 
wastewater CH05010 that were collected from 
the main acid processing workshop in this area, 
approximately 200m downstream. Nevertheless, 
these samples have shown the presence of other 
organic contaminants such as phthalate esters, 
particularly in the wastewater sample with five 
representatives from this class of organic 
compounds including DEHP, DnBP, DiBP, DEP 
and BiBP (butyl isobutyl phthalate). Both 
sediment and wastewater samples collected 
from the pool between the main sump and the 
river contained halogenated phenolic 
compounds such as 2,6-dibromo-4-nitrophenol 
(sediment CH05009) and 4-chloro-2- 
nitrophenol (wastewater sample CH05010). 
The wastewater sample contained three more 
metylated nitrophenols. One of the samples from 
this workshop area, the sediment CH06009, 
also contained the chlorinated insecticide/flame 
retardant M irex. 


Two samples from this area, CH05005 and 
CH05007, contained several compounds which 
were impossible to identify. However, these 
compounds have shown GC/MS fragmentation 
characteristic for polyhalogenated organic 
compounds, such that their identity warrants 
further investigation. 


All the soil/acid residue and sediment samples 
collected from the pools and discharge channels 
in both the upstream working area (CH05005 
& CH05045) and the main working area 
(CH05007 & CH05010) contained a similar 
range of elevated metal concentrations, with 
antimony, copper, lead and tin generally at the 
highest concentrations. 
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TABLE 3.4.1: ORGANIC CHEMICALS AND METALS IDENTIFIED IN SAMPLES ASSOCIATED WITH THE ACID PROCESSING OF 
THE NUMBER IN PARENTHESES ( ) SIGNIFIES COMPOUNDS IDENTIFIED AT TRACE LEVELS USING A SELECTIVE ION 


Sample number CH05005 CH05045 CH05007 
Sample type soil/acid residues —  soil/acid residue _soil/acid residue 
Description shallow dry pit small pool smaller sump 
Location Longmen Longmen 
upstream area Central area 
metals mg/kg dw mg/kg dw mg/kg dw 
Antimony 1590 839 1245 
Arsenic <20 <20 <20 
Barium 513 407 142 
Beryllium 0.5 15 1.3 
Bismuth 33 <20 99 
Cadmium <0.5 3.2 20 
Chromium 11 66 11 
Cobalt 3 9 8 
Copper 229 6640 3295 
Gold <10 <10 36 
Lead 2560 3600 5395 
Manganese 81 239 226 
Mercury 1.2 1.4 0.7 
Molybdenum 8 <2 <2 
Nickel 27 241 316 
Silver 631 82 1920 
Tin 3590 2720 1690 
Vanadium 8 21 9 
Yttrium 4 14 33 
Zinc 39 648 241 
No. of organic compounds isolated 110 120 53 
No. reliably identified (% of total) 56(51% ) 80 (67% ) 25(47% ) 
chlorinated compounds 
Chlorinated benzenes (9) 1(10) (4) 
PCBs 8(26) 22(14) 0 
Other organochlorines 1 0 1 
brominated compounds 
PBDEs 1(10) 4(5) 
Other organobromines 0 0 
non-halogenated compounds 
Phthalate esters 0 0 2 
Aliphatic hydrocarbons 17 17 16 
Aromatic hydrocarbons 1 6 1 
Organophosphate compounds 0 0 0 
Others 1 1 1 


GUIYU, CHINA - 9 MARCH 2005 - A CHINESE 
WORKER “BAKES” MOTHERBOARDS IN AN 
E-WASTE WORKSHOP. 
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WASTES IN LONGMEN & HUAMEI, GUIYU, CHINA, 2005. 
MONITORING (SIM) METHOD. 


CH05009 CH05010 CH05006 CH05008 CH05023 CH05024 CH05025 

sediment wastewater river sediment river sediment sediment sediment wastewater 

pool between pool between upstream downstream stream; away stream; 1 of 4 water 

sump & river sump & river of all areas of all areas input channel by input channel filled sumps 
Longmen Huamei 

mg/kg dw mg/l mg/kg dw mg/kg dw mg/kg dw mg/kg dw mg/l 

356 31.8 14 346 21 26 0.215 

25 <0.04 <20 24 <20 <20 <0.04 

141 0.054 107 139 76 95 0.043 

3.8 0.093 2.8 3.8 3.8 8.3 1.21 

<20 2.29 <20 <20 <20 <20 <0.5 

123 12.2 0.9 12.3 <0.5 <0.5 0.138 

43 1.19 19 43 29 56 0.649 

83 1.05 11 82 21 58 13:2 

5080 774.5 474 4570 9530 1850 252.5 

<10 <0.2 <10 <10 <10 <10 <0.2 

350 3.66 130 362 2690 632 3.195 

284 4.365 537 280 83 187 9.05 

<0.02 0.2 6.1 8.0 20.1 0.676 

10 0.056 <2 10 171 238 1.36 

940 153.5 29 929 138 320 88.5 

27 1.06 <2 27 26 60 <0.04 

639 85.5 104 672 780 1480 2.03 

27 0.075 27 27 23 40 0.03 

49 0.103 46 48 5 22 0.451 

839 48.75 187 832 2470 2120 583.5 

33 57 15 76 132 27 27 

6(18% ) 17 (30% ) 4 (27%) 45(59% ) 65(49% ) 15(56% ) 6(22% ) 

0 0 0 0 0 0 0 

0 0 0 0 29(12) 0 0 

0 1 0 0 1 0 0 

0 0 0 12(12) 0 0 0 

1 0 0 0 0 0 0 

1 5 0 1 0 0 4 

3 2 2 15 20 13 0 

0 4 0 0 2 0 1 

0 1 0 0 0 0 0 

1 4 2 5 1 2 1 
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TABLE 3.4.2: ORGANIC CHEMICALS AND METALS IDENTIFIED IN SAMPLES ASSOCIATED WITH ACID PROCESSING OF WASTES AT FACILITIES NEAR THE GUIYU-NANYANG ROAD 


THE NUMBER IN PARENTHESES ( ) SIGNIFIES COMPOUNDS IDENTIFIED AT TRACE LEVELS USING A SELECTIVE ION MONITORING (SIM) METHOD 


COUNTRY CHINA 
Sample number CH05016 CH05017 CH05030 CH05031 CH05034 CH05028 CH05029 
Sample type soil/acid residues soil/acid residues river sediment river sediment river sediment soil/acid residues river sediment 
Description overflow area channel to river away from adjacent to —_ control; 0.5km discharge Lianjiang; by 
middle channel channel away channel channel 

Location Guiyu-N anyang Guiyu-N Rd; 

Road crossing; smaller working 

larger working area 

area 

metals mg/kg dw mg/kg dw mg/kg dw mg/kg dw mg/kg dw mg/kg dw mg/kg dw 
Antimony 1300 1280 1290 190 <10 1670 1100 
Arsenic <20 <20 <20 <20 <20 <20 <20 
Barium 62 118 129 99 83 61 141 
Beryllium 0.4 0.5 1.4 1.0 2.0 0.7 1.1 
Bismuth 108 49 71 12 <20 43 48 
Cadmium 3.5 2.8 2.8 0.9 <0.5 <0.5 <0.5 
Chromium 15 20 39 37 29 12 18 
Cobalt 23 12 20 19 8 3 5 
Copper 15200 2770 3210 1520 28 613 149 
Gold <10 <10 <10 <10 <10 <10 <10 
Lead 3710 2540 83 161 44 246 137 
Manganese 72 107 132 116 193 104 101 
Mercury 0.8 3.0 3.8 1.3 0.5 4.7 2.1 
Molybdenum 6 8 24 6 <2 <2 3 
Nickel 107 469 829 388 13 44 21 
Silver 945 577 79 13 <2 153 130 
Tin 1280 1750 2350 237 34 716 1560 
Vanadium 3 8 24 28 38 12 18 
Yttrium 1 2 5 5 31 7 6 
Zinc 230 237 204 138 62 31 49 
Organic compounds isolated 175 137 93 56 34 48 88 
Reliably identified (% of total) 84 (48% ) 80 (58% ) 28 (30%) 29 (52% ) 14 (41% ) 30 (63%) 40 (45%) 
chlorinated compounds 
Chlorinated benzenes 8(2) (9) 0 0 0 0 0 
Chlorinated phenols 0 0 0 0 0 0 0 
PCBs 19(27) 20(24) 0 0 0 0 0 
Other organochlorines 2 2 0 0 0 0 1 
brominated compounds 
PBDEs 2(6) 1(8) 0 (12) 0 8(8) 15(8) 
Other organobromines 0 0 0 0 0 0 0 
non-halogenated compounds 
P hthalate esters 1 0 1 1 0 0 0 
Aliphatic hydrocarbons i 18 12 10 12 11 13 
Aromatic hydrocarbons 13 6 1 0 0 2 0 
Organosilicon compounds 0 0 0 0 0 0 0 
Organophosphate compounds 0 0 0 0 0 0 0 
Others 3 1 14 6 2 1 3 
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DELHI, INDIA - 11 AUGUST 2005 - 
WORKSHOP-LIVING QUARTERS FILLED 
WITH HEAPS OF ELECTRONIC SCRAP. 


CROSSING OF THE LIANJIANG, GUIYU, CHINA AND IN MANDOL INDUSTRIAL AREA, NEW DELHI, INDIA, 2005. 


INDIA 
CH05027 1T05001 1T05002 1T05003 1T05004 1T05005 1T05006 1705021 
river sediment powdered component process water wastewater burned ash copper metal 
components slurry fragments 
Lianjiang; away ground slurry of powder extraction waste acid burned e-wastes ash from burning recovered copper 
chnl component solution solution 
acid workshop, 
M andoli 
Industrial Area 
mg/kg dw mg/kg dw mg/kg dw mg/l mg/l mg/kg dw mg/kg dw mg/kg dw 
105 7780 9830 18.2 68.6 900 5995 427 
<20 <20 <20 <0.04 <0.04 <20 <20 <400 
146 12 76 0.010 0.969 4610 1030 7 
73 <0.2 11 0.151 0.108 1.4 0.9 <4 
<20 66 202 <0.5 <0.5 95 <20 <400 
<0.5 <0.5 15 0.500 0.339 11.2 6.7 <10 
49 5 32 15.0 16.5 192 103 22 
14 16 48 16.4 19.6 18 33 <40 
1690 195000 147500 22000 241 136000 18200 565000 
<10 194 100 <0.2 <0.4 <10 <10 <200 
195 5460 9165 3.4 20.4 20500 3505 490 
240 24 65 125 220 469 295 191 
3.1 0.5 <0.2 <0.02 <0.02 <0.2 62.7 <20 
4 <2 4 0.73 1.80 16 32 <40 
436 2550 2255 457 478 203 121 316 
35 588 708 <0.04 0.51 211 27 <20 
295 1170 939 17.9 340 15500 1860 937 
34 <2 3 1.53 0.941 56 29 <40 
48 <l <l 0.102 0.088 3 3 <2 
225 323 595 3060 2710 6400 2615 2240 
62 25 20 29 12 82 79 n/a 
28 (45% ) 5 (20% ) 16 (80% ) 16 (55% ) 9 (75%) 32 (39%) 55 (70% ) n/a 
0 0 (10) 1(1) 0 (5) (11) nla 
0 0 0 2 1 0 0 nla 
0 0 0 0 0 0 0 nla 
0 0 0 1 0 0 0 nla 
6(6) 0 0 0 0 9(8) (23) nla 
0 0 0 0 0 0 1 n/a 
0 0 0 3 3 0 0 nla 
12 2 5 1 0 3 8 nla 
3 3 1 3 4 5 11 nla 
0 0 0 0 0 2 1 nla 
0 0 0 1 1 0 0 n/a 
1 0 0 3 0 0 0 nla 
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At the upstream working area, the sample from a wastewater pool (CH05045) that is connected to the river contained generally higher concentrations than 
that from the shallow drainage pit (CH05005). Copper, lead and tin concentrations in this sample were the most elevated, at more than 100 times typical 
background soil concentrations (Alloway 1990, Salomons & Forstner 1984). This sample was quite acidic, with a pH 4.5, and contained a high concentration 
of antimony. The mobility of metals is generally increased under acidic conditions. Being directly connected to the river, there is nothing to prevent to 
movement of metals from this pool into the aquatic environment. Copper and lead are highly toxic to aquatic life, particularly under acidic conditions, which 
increases the mobility and toxicity of these metals (Gerhardt 1993). Additional information on the aquatic toxicity of copper is given in Box 14. 


The sample from the dry drainage pit (CH05005) was highly acidic, with a pH of 1, demonstrating the use and disposal of strong acids at this working 
area. For samples from this area, the highest concentrations of antimony (1590 mg/kg) and silver (631 mg/kg) were found in this sample. 


In the main acid working area in Longmen, the highest concentrations of metals were generally found in the soil sample collected from the smaller sump 
(CH05007), with levels of antimony, copper, lead and tin between 100 and 200 times typical background concentrations. Other toxic metals (cadmium 
and nickel) were also present at concentrations up to 10 times background levels;. Relatively high concentrations of silver and gold were also found in 
this sample. 


The sediment sample from a pool connecting the main sump and the river (CH05009) contained most metals at somewhat lower concentrations. 
Nevertheless, concentrations were still markedly above background, with cadmium, lead, mercury, nickel and zinc at between 10 and 20 times background 
levels; antimony and tin at between 30 and 50 times background levels, and the highest concentration of copper in this area at over 100 times 
background levels. 


The water samples collected in these two parts of this working area (the pool connecting the main sump to the river, and in the smaller sump) were 
highly acidic, both at pH 0. Both areas where samples were collected were directly connected to the river. 


As would be expected from the high sediment metal concentrations and the high level of acidity, the water sample (CH05010) collected from the pool 
connecting the main sump and the river contained very high concentrations of dissolved metals, particularly for antimony, copper, lead, nickel, tin and 
zinc. Dissolved metal concentrations in natural surface waters can vary significantly depending on local conditions. However, the concentrations of 
antimony, cadmium, copper and tin in this sample were ten of thousands of times higher than average background concentrations. M any other metals 
were also present at concentrations tens to hundreds of times average background concentrations for surface waters, including beryllium, bismuth, 
chromium, cobalt, lead, manganese, silver, yttrium and zinc (ATSDR 2000, Filella et a/. 2002, Mance et al. 1984, Neal & Robson 2000, WHO 1992). 
The use of acid solutions at this Longmen sites clearly mobilizes a wide range of metals from the “ewastes” being processed. 


River sediment samples CH05006 and CH05008 collected upstream and downstream of the acid processing workshops discussed above clearly show the 
impact of these facilities on the surrounding environment e.g. the river, where wastewaters were discharged. W hile no organic contaminants of note were 
detected in the upstream sediment sample (CH05006), the downstream sediment sample (CH05008) contained contaminants identified in both acid 
processing areas including brominated flame retardants (PBDEs) and the phthalate ester DE HP. The concentrations of all metals were also higher in the 
downstream sample compared to those in the upstream sample, particularly for antimony, cadmium, copper, mercury and nickel, which were between 10 
and 30 times higher in the downstream sample. The concentration of copper in this sample was almost 100 times higher than background sediment levels 
(Salomons & Forstner 1984). Furthermore, the downstream sediment was far more acidic (pH of 4.5) than the upstream sample (pH of 6.0). In 
addition to impacts from toxic metals to the river, the discharge of highly acidic wastewaters into rivers is likely in itself to have serious impacts. 
Acidification of rivers is harmful to a wide range fish and other aquatic organisms (Mason 1996). 


The data for samples from the working areas and the adjacent river clearly demonstrate that where “e-wastes” containing metals are processed with acids, 
most if not all of these metals will become mobilised. Not all metals found at elevated concentrations in these samples are highly toxic to aquatic environments. 
Nevertheless, where “e-wastes” include toxic metals such as cadmium, copper and lead there will be clearly be impacts on the immediate environment. 


BOX 14: copper (Cu) 


Copper is widely used within electronics products due to its high electrical conductivity, primarily as a pure metal, or as part of mixture (alloys) with 
other metal, including beryllium (ATSDR 2004, OECD 2003). 


Levels of copper in the environment are typically usually quite low, with soils containing less than 30 mg/kg, and only slightly higher in freshwater sediments; 
less than 50 mg/kg (Alloway 1990 Salomons & Forstner 1984). Levels up to 200 mg/kg have been reported in indoor dusts (Butte & Heinzow 2002). 


Exposure to copper in metallic form does not generally result in toxic effects, though inhalation of very high levels of dust and vapours can cause effects 
including irritation of the nose, mouth and eyes as well headaches, dizziness and nausea (ATSDR 2004). Releases of soluble copper compounds to 
aquatic environments, however, can have significant impacts. Copper in soluble forms is highly mobile in the aquatic environment, particularly at high 
acidity (low pH). In these forms, copper is far more bioavailable and is toxic to a wide range of aquatic plants and animals (ATSDR 2004, Gerhardt 
1993, Mance et al. 1984). Effects include reductions in growth and fertility rates as well as increases mortality (Bryan & Langston 1992, UNEP 
1993). Although dependent of many others factors, the majority of aquatic organisms cannot tolerate or survive in copper concentrations above 1 mg/l, 
and impacts can occur at concentrations as low as 0.05 mg/l (50 ug/l) for some sensitive organisms (Nor 1987, Salomons & Forstner 1984). 


42 | TOXICTECH IN CHINA & INDIA 


China; Huamei 


Three further samples were collected from another acid processing facility in the area of Huamei: a wastewater sample CH050025 from one of four 
large sumps surrounded by a ditch, and two sediments from an adjacent stream, one (CH05024) close to where a channel flows between the ditch and 
the stream, and second (CH05023) by the working area but away from the channel connecting the ditch and the stream. 


The wastewater sample (CH05025) was highly acidic (pH=0) and contained high concentrations of a wide range of metals, as was found for the 
wastewater sample collected from the Longmen area (CH05010) described above. Copper and zinc were present in particularly high concentrations (over 
100mg/l), while beryllium, cobalt, lead, manganese, mercury, molybdenum, nickel, tin and yttrium were also present at high concentrations. The 
wastewater contained four phthalate esters including DnBP, DiBP, DEP and BiBP, though none of these were detected in either stream sediment sample 
from this area. No halogenated compounds were identified in the wastewater sample. 


The sediment (CH05023) collected from the adjacent stream, at the corner of the site opposite to where a channel flows between the working area and 
the stream, contained 41 congeners of PBDEs reliably identified as well as Mirex. It is unclear what was the source of these organohalogen 
contaminants in the latter sediment sample. This indicates the need for further investigation in the area. The other stream sediment sample (CH05024) 
did not containe any halogenated compounds. 


The pattern of metal concentrations in the wastewater was different to that in the wastewater sample collected from equivalent workshops at Longmen. 
Beryllium, mercury and zinc were present at far higher concentrations at Huamei (CH05025), while concentrations of cadmium, silver and tin far higher 
in the wastewater collected at Longmen (CH05010). These data suggest that different e waste materials are processed at the Huamei and Longmen 
sites, but that in both cases metals in the wastes are made highly water soluble and therefore mobile though the processes employed. In case of organic 
contaminants, both sites showed presence of phthalate esters, though organohalogen compounds were more diverse at Longmen area. 


Both stream sediments contained copper, lead, mercury, tin and zinc highly elevated above typical background levels, ranging from 20-25 times for zinc in 
both samples and up to 150-200 times for copper in CH05023 and for lead in CH05024. There is no clear pattern to the metal concentrations in the 
stream sediments, possibly due to the very slow flow of water along the stream. Of the metals found at elevated concentrations, some were present at 
higher levels in the sample (CH05024) collected adjacent to a channel flowing from the working area into the stream, while other metals were at higher 
levels in the sample collected from the same stream as it flowed passed the opposite corner of the acid working area (CH05023). 


The data indicates inputs to the stream of additional metals. The stream sediment collected by the discharge channel (CH05024) contained beryllium, 
cobalt, manganese, nickel and yttrium at concentrations more than two times higher than levels found in the other stream sediment (CH05023), colleted 
nearby but away from the discharge channel. These metals were all present at high concentrations in the wastewater sample (CH05025).The 
concentrations in both stream sediment samples, however, were not higher than the typical ranges of background concentrations reported for these 
metals. Furthermore, the stream was highly acidic (pH=2) in this area. 


Groundwater (CH05022) collected approximately 1.5 km from this site did not contain elevated concentrations of metals (see Section 3.2.2). 


China; Guiyu-Nanyang road crossing of Lianjiang 


Two separate open air acid reprocessing areas are located near the crossing of the road between Guiyu and Nanyang and the Lianjiang. The two working 
areas are on the banks of separate, but parallel rivers that flow either side of a path along the top of a raised dyke. The largest working are is located on 
the banks of the smaller river, approximately 0.9 km from Guiyu-Nanyang Road. The smaller working area is on the banks of the main Lianjiang, 
approximately 1.3 km from Guiyu-N anyang Road 


At the larger working area, both samples of mixed soil/waste samples collected from waste ground/overflow area adjacent to the working area 
(CH05016) and from the channel between this area and the river (CH05017) were highly acidic (pH=0). Both contained high concentrations of 
antimony, copper, lead and tin, as well as bismuth, nickel and silver. Other than for bismuth and nickel, the concentrations in both samples were more than 
100 times background soil concentrations. Sample CH05016 contained 1.5% copper, more than 500 times background levels (ATSDR 2004, Alloway 
1990, Salomons & Forstner 1984). Both samples were also heavily contaminated with organohalogen compounds including chlorinated benzenes, PCBs, 
PBDEs, Mirex and one congener of trichloronaphthalenes. Additionally, sample CH05016 contained DEHP among those compounds reliably identified. 


The river adjacent to the working area and overflow area is clearly impacted by the activities at this site. The river was highly acidic (pH=1) at both 
sediment sampling locations. All metals found at high concentrations in the samples from the waste ground/overflow area (CH05016-17) were also 
present in both river sediments (CH05030-31) at high concentrations, compared both to levels in the control river sediment (CH05034) collected away 
from this acid working area and typical background levels in river sediments. Levels of cadmium and mercury in samples by the working area (CH05030- 
31) were significantly higher than those in the control river sediment (CH05034). For all but lead, the river sediment collected near to the channel 
between the waste ground/overflow area and the river (CH05031) contained higher concentrations than in the sediment collected further from the 
working area (CH05030). Concentrations of antimony, copper and tin were the most elevated, all at more than 100 times background sediment 
concentrations, with nickel and silver at nearly 20 times, and lead at up to 5 times background sediment concentrations (ATSDR 1999b & 2000, Filella 
et al. 2002, Mance et al. 1984). Several PBDE congeners and DEHP were also detected in this sample (CH05031). In comparison, the control river 
sediment sample CH05034 contained little in the way of organic contamination. Furthermore this control sample was not acidic (pH=7). 
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Chemicals associated with “e-wastes” were also found in the discharge channel and river sediments at the smaller acid workshop in this area, located 
approximately 1.3 km from Guiyu-Nanyang Road on the banks of the main Lianjiang, on the other side of the raised dyke to the area described above. 


The sample of soil/acid residues (CH05028) collected from the discharge channel between the working area and the Lianjiang was highly acidic (pH=0). 
It contained 16 congeners of PBDEs and range of aromatic and aliphatic hydrocarbons. This sample also had elevated concentrations of antimony and 
tin, as well as bismuth, copper, lead, mercury and silver. Other than for antimony, metal concentrations were lower than for similar samples associated 
with the larger working area described above. 


Both river sediments contained elevated metal concentrations and organic pollutants indicating the direct impact of the acid reprocessing activities on the 
environment. Both contained P BDEs, with the larger number of these contaminants detected in the sample collected by the discharge channel 
(CH05029). This sample was highly acidic (pH=1) and also showed a very similar pattern to that found in the discharge channel, with antimony and tin 
in the highest concentrations, as well as elevated levels of bismuth, copper, lead, mercury and silver. However, the sediment collected by the edge of the 
working area furthest from the discharge channel (CH05027) contained even higher concentrations of beryllium, copper, lead and nickel, though was far 
less acidic (pH =6).The reason for the higher metal concentrations in sample CH05027 is not clear. 


India; Mandoli industrial area 


The workshop in the M andoli Industrial Area of East Delhi, India was somewhat different to those located in the Guiyu area of China which were 
situated in the open on the banks of rivers. The processing of wastes at the workshop in India was being carried out in a small enclosed building far from 
any rivers. Workers reported that acidic wastewaters are disposed of simply by pouring onto waste ground in the vicinity of the workshop. The sole aim of 
the acid processing of “e-wastes” at this workshop was the recovery of copper. 


Two samples of materials prior to processing were analysed to determine the range of chemicals they contained in addition to copper. 


The sample of powdered e-waste components (1T05001) contained few organic compounds that could be reliably identified. Those which were identified 
included methylated nitrophenol, two aromatic and two aliphatic hydrocarbons. Nitrophenolic compounds are toxic chemicals that have been frequently 
detected in the wastes resulting from various industrial processes, including electric/electronic components production. These chemicals are commonly 
used as intermediates for the production of dyestuffs, pigments, and rubber chemicals (ATSDR 2000). Analysis of the second sample (1105002), that 
consisted of the slurry made with the powdered components (but from a different batch to sample 1T05001) showed the presence of chlorinated 
benzenes (from di- to hexachlorinated), though at trace levels. As it was mentioned in Section 2.4.4, some materials are burned on site on open fires to 
remove plastics prior to extraction. The presence of chlorinated benzenes, which could be formed during burning of PVC (Ruokojarvi et a/. 2000), might 
indicate that the composition of the sample included such plastics. However, other possible sources cannot be ruled out. 


Both samples (1T05001 & 1T05002) contained very similar concentrations of metals, with copper being by far the most abundant metal at 19.5% and 
14.8% of the total material respectively. Other metals included antimony (0.78-0.98% ), lead (0.55-0.92% ), nickel (0.22-0.26% ) and tin (0.09- 
0.12% ), as well as lesser amount of precious metals including silver (0.06-0.07% ) and gold (0.01-0.02% ). 


Other materials, primarily printed circuit boards, are burned prior to extraction with acidic solutions, including printed circuit boards from which 
components have been removed. The sample of fragments from such burned waste (1T05005) contained a similar pattern of metals at high 
concentrations to the powdered components analysed (1T05001 & 1T05002), primarily copper (13.6% ), lead (2.05% ) and tin (1.55% ), as well as 
antimony, barium, zinc. Organic contaminants detected in this sample included PAHs (well known as the products of incomplete combustion), PBDEs, 
traces of chlorinated benzenes, and methylated cyclosiloxane derivatives, as well as aliphatic and aromatic hydrocarbons. 


The ash produced by the burning of circuit boards is left of open ground at the burning site The metal and organic chemical composition of a sample of 
this ash (1T05006) was very similar to that of the burned fragments (1T05005). Of the metals quantified, copper, lead and tin, as well as antimony, barium 
and zinc were at the highest concentrations in this sample. With the exception of antimony, all were between three and eight times lower levels than those 
found in the burned fragments (1T05005). Mercury, which was not detected in the burned fragments, was nevertheless present in the ash at 62.7 mg/kg. 
While this is far lower than the levels of many other metals, mercury is a highly toxic metal typically found in the environment at very low concentrations. 
The level in the ash is approximately 100 times higher than general background levels in environmental samples such as sediments and soils (Alloway 1990, 
Salomons & Forstner 1984). As for sample 1T05005, organic contaminants detected in the ash (IT 05006) included PAHs, PBDEs, traces of chlorinated 
benzenes, methylated cyclosiloxane derivatives, aliphatic and aromatic hydrocarbons, as well as tribromobenzene (in sample 1T05006 only). 


The processing of the powdered materials (1T05001-02) and burned materials (1T05005) solely for the copper they contain not only fails to recover 
useful and, in some cases, expensive metals, but is also likely to produce a waste stream contaminated with the remaining metals and organic chemicals. 
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The processes using acids at this workshop are clearly effective at extracting a wide range of metals and other chemicals from the wastes. As expected, 
the sample of acidic solution being used to extract copper from the wastes (1T05003) contained a very high concentration of copper (22000mg/I, 22g 
per litre). In addition, this solution contained zinc at over 3000 mg/l, manganese at over 100 mg/l as well as antimony, chromium, cobalt, tin at over 10 
mg/l. The majority of the other metals quantified were also present at significant concentrations, including beryllium, cadmium, lead, molybdenum, 
vanadium and yttrium. All these metals are used in the manufacture of computers and other electronics (OECD 2003). 


The process sample 1T05003 had a wider range of organic compounds that those detected in samples 1T05001 and !T 05002. Additionally to chlorinated 
benzenes, these included chlorinated and non-chlorinated derivatives of phenol, three phthalate esters (DEHP, DiBP and DnBP) aw well as the 
phosphorus-containing flame retardant TP P. A possible source of some of these chemicals, the chlorinated benzenes, is the processing of burned materials 
(1T05005) at this facility, in which they were also identified. 


After the acid solution has been used for extracting copper and (unintentionally) other chemicals from a number of batches of powdered e-waste, 
dissolved copper is recovered from the solution as copper metal as described in Section 2.4.4. When no more copper can be recovered the acidic solution 
is disposed of on to waste ground. 


The sample of wastewater ready to be disposed of (1T05004) was moderately acidic (pH =5) and contained a similar range of metals at high concentrations 
to those in the process solution (1T05003) as well as some of the organic chemicals identified. As may be expected, the wastewater (1T05004) contained 
copper at a far lower concentration to the process solution (1T05003). All other metals, however, were present at similar or higher concentrations in the 
wastewater sample. Antimony, barium, lead, silver and tin were all found at much higher levels in the wastewater than the process solution. 


Fewer organic compounds were isolated from the wastewater sample 1105004 than from the process sample |1T05003. However, the majority of the main 
organic contaminants (phthalate esters, chlorophenol and TPP) were still present in the wastewater sample 1T05004 that was supposedly ready for disposal. 


The higher levels of metals in the wastewater compared to those in the process water is presumably due to their accumulation in the acidic process 
solutions as they are used to extract successive batches of “e-wastes”. It is not clear why some of the organic chemicals present in the process waters 
were not found in the wastewater sample. The accumulation of copper in the solutions is intentional, ultimately allowing the commercial recovery of this 
metal. The additional metals as well as the organic chemicals in the acidic wastes, however, are not recovered and are disposed of into the environment 
when the wastewaters are disposed of. The ongoing disposal of wastewaters from this and other, similar, facilities constitutes a significant source of 
hazardous chemicals into the environment. 


In the wastewater being disposed to the environment without any form of treatment, the presence of a wide range of metals in water soluble forms, many 
at high concentrations, is of particular concern. M etals in these forms are generally far more mobile in the environment, they tend to be more bioavailable 
and therefore more toxic. Some of the metals in the wastewater, including cadmium & lead, are highly toxic even in very low amounts to humans as well 
as a wide range of animals and plants. 


The sample of copper deposited on iron sheeting during the copper recovery process (1T05021) was analysed to determine whether other metals were co- 
recovered from the extraction solutions. This sample (1T05021) was primarily copper (57% ), but also contained trace levels of other metals, primarily 
antimony, lead, tin and zinc at 427-2240 mg/kg (0.04-0.22% ). This sample also contained large amounts of iron (11% ), from the sheeting on which the 
copper is deposited. 


This recovered copper is believed by the recyclers to be pure copper. The future uses of this material are not known, but the presence of the additional 
trace metals in this material may make it unsuitable for some purposes for which it is used. 


‘ 


DELHI, INDIA - 11 AUGUST 2005 -A MAN WORKS INA 
CATHODE RAY TUBE (CRT) 'RECYCLING' YARD. 
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The samples associated with the burning of the electronic waste that were collected from a dumpsite on the edge of the Loggang area of Guiyu consisted of one 
sample of ash/soil (CH05040) from an open fire at the site, and three separate samples of mixed ash/burned components (CH05041-43) that had been dumped there. 


TABLE 3.5: ORGANIC CHEMICALS AND METALS IDENTIFIED IN SAMPLES ASSOCIATED WITH THE BURNING OF WASTES TO RECOVER METALS IN GUIYU, CHINA AND NEW 
DELHI, INDIA, 2005. THE NUMBER IN PARENTHESES ( ) SIGNIFIES COMPOUNDS IDENTIFIED AT TRACE LEVELS USING A SELECTIVE ION MONITORING (SIM) METHOD. 


Country CHINA INDIA 
Sample number CH05040 CH05041 CH05042 CH05043 CH05044 1T05013 1T05026 
Sample type ash & soil ash/burned ash/burned ash/burned ash/burned ash ash 
components components components components 
Location waste dumpsite, dumpsite, open burn wire burnin 
Longgang Longmen Ibrahimpur = Shashtri Par 
metals mg/kg dw mg/kg dw mg/kg dw mg/kg dw mg/kg dw mg/kg dw mg/kg dw 
Antimony 979 15200 3900 94 2240 41 845 
Arsenic <20 <20 <20 <20 32 <20 <20 
Barium 1845 441 1290 855 1020 1010 648 
Beryllium 0.2 <0.2 <0.2 <0.2 <0.2 0.6 <0.2 
Bismuth <20 <20 <20 <20 <20 <20 <20 
Cadmium 70.4 12.3 43.5 5.8 67.7 66.6 259 
Chromium 429 54 32 228 42 293 54 
Cobalt 20 21 10 13 17 18 <2 
Copper 17550 738 260 4750 12000 13500 11000 
Gold <10 <10 <10 <10 24 <10 <10 
Lead 1593 96 2000 875 3810 3560 6450 
M anganese 349 154 42 600 1940 544 12 
Mercury <0.2 0.2 <0.2 0.5 3.4 0.3 <0.2 
M olybdenum 24 6 <2 8 45 15 2 
Nickel 931 141 54 298 286 118 54 
Silver 26 2 4 19 226 15 6 
Tin 320 <30 <30 <30 1360 2210 <30 
Vanadium 30 10 11 11 7 31 <2 
Yttrium 3 3 2 3 22 5 <l 
Zinc 3055 2540 542 3380 3980 31700 897 
Organic compounds isolated 177 231 130 167 50 27 159 
Reliably identified 40 (23%) 90 (39%) 45 (35%) 53 (32%) 18 (36% ) 27 (100% ) 30 (19% ) 
(% of total) 
chlorinated compounds 
Chlorinated benzenes (11) 9 (9) 0 0 (11) 0 
Chlorinated phenols 0 0 0 0 0 0 0 
PCBs 0 2 0 0 0 (15) 0 
Other organochlorines 0 2 0 0 0 0 0 
brominated compounds 
PBDEs 0 1 5(9) 0 (5) 0 0 
Other organobromines 0 14 0 0 0 0 0 
non-halogenated 
compounds 
Phthalate esters 0 0 0 3 4 0 0 
Aliphatic hydrocarbons 22 20 10 18 S 0 2 
Aromatic hydrocarbons 1 37 12 26 1 1 26 
Organosilicon compounds 0 1 0 0 0 0 0 
Organophosphate compounds 0 0 0 0 1 0 0 
Others 6 4 1 6 2 0 2 
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FENG JIANG, CHINA - 13 FEBRUARY 2004 - 
MIRGANT WORKERS IN FENG JIANG, TAIZHOU, 
me.) ZHEJIANG PROVINCE. 


Each sample contained a very complex mixture of organic compounds. The number of organic compounds isolated from these samples ranged from 130 
(sample CH05042) to 231 (sample CH05041). The latter sample contained the most diverse composition of organic compounds, including a range of 
organochlorine and organobromine compounds (see Table. 3.5 for groups of compounds and Appendix 2 for complete list of identified compounds). In 
total, 27 organohalogen compounds that belong to various classes were reliably identified in this sample including the most toxic dioxin congener, namely 
2,3,7,8-tetrachlorodibenzo-p--dioxin (TCDD). A sub-sample of CH05041 was sent to an external laboratory accredited for dioxin analysis. The results of 
this analysis showed that the sample contained a range of polychlorinated dioxins and polychlorinated furans from tetra- to octachlorinated congeners, 
and confirmed the presence of TCDD in this sample. For full results for dioxins/furans analysis in the sample CH05041 see the Appendix 3. The presence 
of PCBs, polychlorinated dioxins and furans in this sample may well indicate that plastics made of PVC were part of this sample components because 
such contaminants are produced during burning of PVC containing materials (Ruokojarvi et a/. 2000, Wikstrom & Marklund 2001). Furthermore, this 
sample contained a range of brominated compounds, including one congener of brominated flame retardant tetrabromodipheny! ether (a PBDE), 
brominated toluenes and styrene, bromochlorobenzenes, bromophenol and dibromobutane. Combustion of such chemicals may lead to a formation of 
brominated dioxins and furans (Desmet et a/. 2005), although it was not possible in this study to confirm the presence of such compound. Additionally, a 
further twelve compounds that were isolated from the sample CH05041 show GC/MS fragmentation patterns characteristic for polyhalogenated 
(probably polybrominated) organic compounds. Unfortunately, it was impossible to specify the identity of these organic compounds. In total, of the 321 
compounds isoltaed from this sample, fewer than 40% could be reliably identified. 


Samples CH05040 and CH05042 also contained halogenated compounds, though not as diverse and abundant as those identified in the sample CH05041. 
Chlorinated benzenes at trace levels were detected in the samples CH05040 and CH05042, PBDEs were found in sample CH05042. Sample CH05043 did 
not contain any halogenated compounds. However, this sample contained, among other 53 reliably identified organic compounds, a range of PAHs and their 
derivatives, three phthalate esters and dehydroabietic acid. The latter compound is known as one of the major components of the colophony (or rosin), a 
natural product which comes from the pinesap. Rosin, which is used for solder flux in the electrical and electronics industry (Smith et a/. 1996), is a well 
known irritant and sensitiser and is a major cause of occupational asthma (Health and Safety Executive 1997, Owens 1991). 


The concentrations of metals varied greatly between these samples as may be expected. Antimony, copper, lead and zinc were abundant in most samples. 
Some very high levels were found; most notably the sample of ash/soil (1T05040) contained a very high concentration of copper (1.8% ) and the sample 
of mixed ash/burned components most contaminated with organic chemicals (CH05041) contained a very high concentration of antimony (1.5% ). These 
metal levels are more than 500 times background levels in the environment (soils). Concentrations of antimony and copper near or above 1000 mg/kg 
were also found in two of the other three samples. Other metals were present in two or more of the samples at concentrations far higher than levels 
generally found in the in the environment, including cadmium, lead, nickel, tin and zinc. The highest concentrations of these metals in the samples were 
between thirty and seventy times typical background levels (Alloway 1990, ATSDR 2000, Salomons & Forstner 1984). 


The sample of mixed ash and burned components collected from a different dumpsite in Longmen (CH05044) had a similar metals composition to the 
ash/soil sample collected at Longgang (CH05040), containing 1.2% copper and concentrations of antimony, lead, tin and zinc between about 1000 and 
4000 mg/kg (as well as cadmium at an elevated concentration). The pattern of organic chemicals in this sample also shows some similarities to those 
determined in the samples collected from the Longgang waste dumpsite. The sample CH05044, as well as sample CH05043, did not contain any 
chlorinated compounds but contained a range of phthalate esters, and a derivative of dehydroabietic acid (see above). At the same time, sample 
CH05044 contained several PBDEs at trace levels, which were also detectable in the sample CH05042. Additionally, sample CH05044 contained the 
flame retardant TPP, which wasn’t found in the samples from the L onggang waste dumpsite. 


High concentrations of copper (1.1-1.4% ) and lead (0.36-0.65% ) were also characteristic of the two samples of ashes collected from e-waste burning 
operations in New Delhi, India; from the burning of mixed waste at | brahimpur (1T05013) and of plastic coated copper wire at a workshop in Shastri 
Park (1T05026). Both ash samples also contained cadmium at concentrations far higher than typically found in the environment. 


The pattern of organic contaminants found in these two samples, however, was quite different to that in the ashes collected in China. 27 compounds were 
isolated from the sample 1T05013 and all of them but one (naphthalene) were represented by two classes of chlorinated organic compounds, namely 
chlorinated benzenes (from di- to hexachlorinated isomers) and PCBs (from tetra- to heptachlorinated congeners). Both were detected at only trace 
levels, however. 


As many as 159 organic compounds were isolated from the sample 1T 05026, of which it was possible to identify only 30 due to the highly complex 
matrix of this sample. Those reliably identified were dominated by products of incomplete combustion such as polycyclic aromatic hydrocarbons (PAHs) 
and their derivatives. 


In summary, different samples of e-waste burning residues collected in China and India contained a large diversity of organic chemicals and high 
concentrations of heavy metal. M any of these chemicals are persistent in the environment, bioaccumulative and toxic. These data indicate that a wide 
range of different materials are being burned, resulting in diverse inputs of hazardous chemicals into the environment from these activities. 


In addition to impacts from the ongoing inputs to the environment that results from the open burning of “e-wastes”, workers reported that food was 
often cooked over burning electronic wastes at the site in | brahimpur, New Delhi, India. There is clearly potential for food to become contaminated with 
many of the hazardous chemicals identified in the ash from this site. M any of the organic chemicals (e.g. chlorinated dioxins/furans, chloro- and 
bromobenzenes, P CBs, phthalates esters) and heavy metals such as cadmium and lead in the ash are highly toxic to humans, and some will bioaccumulate 
through ongoing exposure. 
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vi cathode ray tube (CRT) storage 


Of the samples collected at a cathode ray tubes (CRTs) storage site in the Kantinagar area of East Delhi, India, the sample of eroded surface coating 
powder (1T05016) collected from the insides of broken (CRTs) contained very high concentrations of zinc (27% ) and cadmium (1.7% ), as well as 
barium (0.4% ). 


Elevated levels of zinc and cadmium, though not barium, were also found in the soil (1T05017) collected from the storage area. Background soil 
concentrations of zinc and cadmium are typically below 100 mg/kg and 2 mg/kg respectively. This soil sample also contained lead at a concentration of 
1580 mg/kg, more than 50 times background soil concentrations (which are typically below 30 mg/kg) (Alloway 1990, ATSDR 1999b, Salomons & 
Forstner 1984). 


TABLE 3.6: ORGANIC CHEMICALS AND METALS IDENTIFIED IN SAMPLES ASSOCIATED WITH THE STORAGE OF CATHODE RAY TUBES (CRTs) PRIOR TO RECYCLING OF 
THE GLASS; NEW DELHI, INDIA, 2005. THE NUMBER IN PARENTHESES ( ) SIGNIFIES COMPOUNDS IDENTIFIED AT TRACE LEVELS USING A SELECTIVE ION MONITORING (SIM) METHOD. 


Sample number 1T05016 1T05017 1T05019 1705020 
Sample type powder in CRTs soil dust dust/soil 
Description Inside broken CRTs ground under CRTs CRT storage shed ground by storage shed 
Kantinagar Kantinagar Brijgang Brijgang 
metals mg/kg dw mg/kg dw mg/kg dw mg/kg dw 
Antimony <10 <10 22 <10 
Arsenic <20 <20 47 <20 
Barium 3850 277 2810 193 
Beryllium <0.2 0.3 <0.2 <0.2 
Bismuth <20 <20 <20 <20 
Cadmium 16800 54.5 310 16.4 
Chromium 11 20 86 21 
Cobalt <2 6 12 4 
Copper 74 61 439 82 
Gold <10 <10 <10 <10 
Lead 494 1580 14600 1370 
M anganese 50 240 298 204 
Mercury <0.2 0.3 0.5 <0.2 
M olybdenum <2 <2 <2 <2 
Nickel 121 47 3900 157 
Silver 52 <2 10 155 
Tin <30 <30 <30 <30 
Vanadium <2 18 17 13 
Yttrium <l 171 10500 67 
Zinc 273000 964 21100 506 
No. of organic compounds isolated 37 16 88 82 
No. reliably identified (% of total) 24 (65% ) 6 (38% ) 20 (23%) 16 (20%) 
non-halogenated compounds 
Phthalate esters 1 0 0 0 
Aliphatic hydrocarbons 18 6 20 16 
Aromatic hydrocarbons 3 0 
Organosilicon compounds 2 0 
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A similar range of chemicals was found in the samples collected from another CRT storage site in the Brijgang area of East Delhi. 


Dust from a storage shed (1T05019) contained high concentrations of zinc, yttrium and lead, each between 1% and 2% of the total mass of dust. The 
levels of zinc and lead are between 20 and 30 times higher than background levels for dusts. E quivalent data are not available for levels of yttrium in 
dusts, but background concentrations of this metal in environmental samples like soils are typically below 20 mg/kg, more than 500 times lower than in 
this dust sample (Tyler 2004). The dust sample contained lower concentrations of cadmium and nickel, though these are still elevated above background 
levels for these metals in dust, by between 40 and 60 times (Butte & Heinzow 2002, Culbard et al. 1988). 


The sample of street dust and soil (1T05020) collected from an open air CRT storage area adjacent to the shed contained far lower concentrations of 
metals, with only cadmium and lead at elevated concentrations, both approximately 3 times higher than typical background levels (Butte & Heinzow 
2002, Culbard et a/. 1988, Rasmussen et a/. 2001) 


Organic compounds detected in all four samples associated with CRT storage had a very similar pattern. Only one class of organic compounds - long chain 
linear aliphatic hydrocarbons or alkanes - was identified in three out of four samples (1T05017,1T05019 and 1T05020). The sample 1T05016 also 
contained a range of the compounds from this class. Alkanes are refined petroleum products (Overton 1994) and could arise in the environmental samples 
as a result the spillage of such products. Additionally, the latter sample had one phthalate ester DEHP, several PAHs, and two organosilicon compounds. 


M any of the heavy metals identified in the samples from these two CRT storage locations are used in the production of CRTs. On the interior of a CRT 
screen, a fluorescent ‘phosphor’ coating is used to create light when the CRT is in operation (OECD 2003). For colour screens, three different types of 
coloured phosphors are used, typically based on cadmium sulphide (green), zinc sulphide (blue) and yttrium oxysulphide (red) (Burstall 1997). The use of 
these chemicals is clearly a major source of the very high concentrations of these three metals to various samples from these two sites. 


Exposure through inhalation or ingestion of contaminated dusts is of particular concern for cadmium, a bioaccumulative and highly toxic metal with a 
range of effects, including kidney damage even at relatively low levels of exposure (Elinder & J arup 1996, Hellstrom et a/. 2001). 


There is little evidence to suggest that yttrium is toxic. However, the presence of yttrium in these samples at moderate to very high concentrations does 
demonstrate the potential for the chemicals that from part of the e-waste to become distributed into the environment during the storage of the wastes. 


The need to separately manage CRT fluorescent ‘phosphor’ coating is recognised under legislation within the European Union that addresses waste 
electrical and electronic equipment (WEEE), which specifies that this coating must be removed prior to waste treatment (EU 2002b). Such controls are 
not in operation in many other regions, however. 


In addition to the chemicals used as phosphors used in CRTs, the glass also incorporates high concentrations of lead and barium. Different types of glass 
are used in different parts of a CRT; glass containing 25-40% lead oxide at is used in the CRT funnel, while glass containing similar concentrations of 
barium oxide is used for the front plate (ICER 2003). 


The storage of CRTs at the two locations is clearly having an impact of the immediate environment, with elevated levels of heavy metals in soil and street 
dusts from the sites. |t has been previously reported that when CRTs are disposed of in landfill sites, lead can leach from the glass and contaminate 
ground water (see|CER 2003). 
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conclusions 


Although clearly not an exhaustive study of “e-waste” recycling facilities 
in either country, the results summarised above do provide an illustration 
of the breadth and scale of health and environmental concerns arising 
from this industrial sector. Both wastes and hazardous chemicals used in 
the processing are commonly handled with little regard for the health and 
safety of the workforce or surrounding communities and with no regard 
for the environment. Overall, the result is severe contamination of the 
workplace and adjacent environment with a range of toxic metals and 
persistent organic contaminants. 


Clearly it is not possible from the results of this study to evaluate the 
damage likely to be caused to human health from these widespread 
practices. Nor was it possible to conduct a comprehensive survey of the 
full extent of environmental impacts arising from each facility, or from the 
sector as a whole, in either country. Nevertheless, the results do indicate 
that exposure to hazardous chemicals arising from the waste-stream can 
be locally severe. Further research would be necessary in order to identify 
and quantify the full impact of this industrial sector, including studies on 
the health of workers and of residents in adjacent communities. 


In the mean time, however, the data available do provide a compelling case 
for immediate action in both countries to address workplace health and 
safety and waste management. 


The problems identified are greatly exacerbated by the poor working 
practices and lack of responsible waste management in the areas sampled 
in this study. However, the fact that wastes generated by every stage of the 
recycling process are contaminated with a range of toxic heavy metals and 
persistent organic pollutants is a direct result of the use of these 
hazardous materials in electronic goods at the manufacturing stage. 
Therefore, as well as bringing to light some of the many unseen impacts of 
the vast and growing electronics waste stream, and the need for much 
tighter controls both on the transboundary movement of such wastes and 
the manner in which they are recycled, this study also adds weight to the 
need to redesign and reformulate all new electronic goods in order:- 


to facilitate proper dismantling and component separation and 
to avoid the use of hazardous chemical components at source. 


The European Directive on Waste Electrical and Electronic Equipment 
(WEEE) and the related Restrictions on Hazardous Substances (ROHS) 
go some way towards addressing the problem, though applying only 
regionally andcovering only a fraction of all the hazardous substances 
used in electronics manufacturing 


In short, this study provides a further illustration of the urgent need for 
manufacturers of electronic goods to take responsibility for their products 
from production through to the end of their lives. As a major contribution 
towards addressing these problems, manufacturers must develop and 
design clean products with longer life-spans, that are safe and easy to 
repair, upgrade and recycle and will not expose workers and the 
environment to hazardous chemicals. 
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I General part 
Introduction 


A quick assay is a qualitative chemical analysis; it is a test to prove the presence or absence 
of a chemical element in the assayed matter. Normally, the test substance is heated by a small 
hot flame to temperatures in some cases as high as 1200° C. Sometimes the finely ground 
material is mixed with certain chemicals in order to obtain a melt. This procedure aims to 
produce a colour of the melt, or a sublimate, or a metallic regulus which is specific to a 
chemical element. Sometimes the produced melt is dissolved and certain chemicals are added 
to evoke a coloration which is specific for the element in question. Such assays are done on a 
semimicro scale, only 0.1 to 20 mg of the tested matter are normally used. 


Most of these methods were developed by Swedish scientists (Cronstedt, Bergman, Gahn, 
Berzelius) in the 18'" century when chemistry was developing into a modern natural science. 
Many reactions reproduce on a very small scale processes used in metallurgical work and ore 
processing since ancient times. Considerable improvements were achieved by Harkort, von 
Kobell, Brush, Bunsen, and Plattner in the 19'" century, especially by the addition of wet 
chemical reactions. The entire combination of different methods was called blowpipe 
analysis, since a blowpipe was used to produce the hot flame in almost all the tests. 


Approximately one hundred years ago it took well-trained geologists or chemists from 
several minutes to 2 hours to complete a qualitative analysis of a mineral or a metallurgical 
slack using this method. Even a quantitative determination of gold and silver was possible 
with a precision comparable to modern spectrographic methods. Significant improvements in 
the quantitative analysis of gold and silver had already been introduced by Sir Isaac Newton 
at the beginning of the 18'" century, during his appointment as Master of the Mint in Great 
Britain. Supplementary spot tests were triggered by the rapid development of organic 
chemistry early in the 20" century. 


Most of these methods were the required subject of university courses in chemistry, 
mineralogy and geology till approximately 1960. Since then in research institutes blowpipe 
analysis has have been progressively replaced by physical methods such as wavelength 
dispersive X-ray fluorescence spectrometry and by the combination of scanning electron 
microscopy (SEM) with energy dispersive X-ray fluorescence spectrometry (EDAX). 
Somewhat later the inductive coupled plasma torch (ICP) was applied to emission 
spectroscopy. All these analytical methods yield quantitative analytical results simultaneously 
for many elements. No wonder that the teaching of the old-fashioned blowpipe methods 
vanished almost completely from university curricula parallel to these developments. 


Moreover, minerals have been identified exclusively by X-ray diffraction for the past fifty 
years. The file of d-values together with relative intensities achieved by this method permits 
the unambiguous identification of a mineral. Already the d-values contain information 
concerning the geometrical data of the unit cell; data concerning the symmetry of the crystal 
are provided by the systematic absence of some d-values. Thus it is not necessary to record 
the relative intensities exactly. The Debye-Scherrer method requires very tiny amounts of the 
mineral powder; for the X-ray powder diffractometer generally used today, only skilful users 
manage with amounts of one cubic millimeter and less, if necessary. 


That is why the blowpipe method is indeed an odd, obsolete technique in a modern and 
fully equipped research institute. Unfortunately not everyone who is interested in qualitative 
inorganic analysis and mineral identification has access to the facilities of such research 
institutes. There is a simple reason for this: the price for each item of such modern equipment 
ranges from at least € 60,000 to many times that amount. In addition, approximately 3 to 5% 
p. a. have to be invested for maintenance, expendable material and electric power. Reliable 
results are only achieved by well trained staff. Commercial institutes charge approximately € 
30 or more per analysis or X-ray diffraction analysis. Moreover, such spectrometers are 
stationary instruments, which cannot be moved into the field. This situation is just starting to 
change. Russian scientists had constructed portable energy dispersive X-ray spectrometers for 
unmanned exploratory missions to the moon and Mars. They were equipped with a 
radioactive element as the source of radiation and a Peltier cooling of the detector crystal. In 
the 1990s such devices were further developed for civil use in the U.S.A., especially with 
respect to radiation safety regulations. At the present time such hand-held, battery operated 
multi-element spectrometers are on sale, but they are also expensive, with prices starting at € 
35,000. For physical reasons they can be used only for elements with an atomic number of 18 
or higher, due to the high absorption of long wave X-rays by air. 


So who might still be interested in using an old-fashioned, but quick and cheap technique in 
qualitative chemical analysis? Perhaps four groups of people: 


- Geoscientists at an early stage of exploration of minerals in the field, especially in remote 
environments. 


- Mineral collectors who are interested in the history of mineralogy. 
- People who are interested in chemistry and its history as a hobby, as well as teachers. 
- Possibly, geoscientists working in scantily equipped institutes, services, and companies. 


All these people are likely to have at least a basic knowledge of inorganic chemistry and 
mineralogy. 


In most cases the aim of the analysis is to gain further information about a mineral which 
has not yet been unambiguously identified by the usual methods. First its properties should be 
recorded: hardness, streak, colour, lustre, cleavage, magnetic properties, and morphology. 
About 4200 mineral species are acknowledged by the International Mineralogical Association 
(IMA), but only 60 to 200 species can be determined by ocular inspection and the above- 
mentioned methods, depending on the experience of the geologist or collector. A qualitative 
analysis gives information about the main constituents of the mineral. Let us take an example. 
There are more than 400 phosphates registered as minerals. Imagine you have found a 
mineral, black to brown in colour, with a hardness of ~5, and the analysis shows the presence 
of P, Li, Fe, and Mn as the main constituents. By simply looking at a good textbook on 
mineralogy you will find out that this specimen is most probably sicklerite Li(Mn,Fe)PO, or a 
member of the series triphylite LiFePO, - lithiophylite LiMnPOs. 


Information about the qualitative composition of a mineral is also of great value when 
interpreting an X-ray powder diffraction pattern of this mineral. This holds true even in the 
days of modern electronic data processing with advanced and sophisticated programs; many 


minerals are mixed crystals and that means the recorded d-values of a mineral may vary 
considerably depending on the composition of the crystal. 


The heat source 


Today the heat source exclusively used is a butane torch, but the traditional heat source was 
a small hot flame achieved by blowing a jet of air from a mouth-operated blowpipe through 
the luminous flame of a lamp with a rectangular wick, filled with oil or paraffin. A reducing 
flame was produced by placing the nozzle of the blowpipe just outside the flame, while an 
oxidizing flame was obtained by placing the nozzle approximately one-third within the flame. 
Wick and wickholder were cut at an angle of 15° to the horizontal direction, so, depending on 
the direction of the blowpipe, a flame directed at this angle downward or upward could be 
produced by blowing parallel to the wick's surface, figure 1. - The first written mention of 
such a device dates back to 1670, but it can be taken for granted that the basic technique is 
much older. The use of bellows in ore melting was already mentioned in the Bible (Jeremiah 
6, 29 and Ezekiel 22, 20-21). 
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Figure 1: blow pipe flame: position of nozzle and paraffine flame 


The preferred type of blowpipe for more than 100 years was invented by Gahn and first 
described by Berzelius in 1812. The mouthpiece was shaped like that of a trumpet and made 


from wood or horn. It was connected to a conical brass tube approx. 180 mm long which was 
fixed to a cylinder of approx. 30 mm length and 12 mm diameter in order to collect the 
condensed water. A small tube about 60 mm long, ending in a 0.4-0.6 mm diameter nozzle, 
was plugged into a radial borehole of this cylinder, figure 2. Good nozzles were made from 
platinum; later on, nickel alloys or stainless steel were used. The air was not pressed by the 
operator's lungs, but by his cheek muscles. In the 19'" century already many people had 
difficulty doing this properly, as can be guessed from early suggestions for bellow-operated 
blowpipes. 


Fig. 2: blow pipe according to Gahn 


Blowpipes of the type described by Gahn and Berzelius are no longer on sale. However, 
anybody interested in this technique can build a device producing a small jet of air by 
connecting a throwaway hypodermic needle (0.90 x 70 mm, DIN 13097) with a battery 
operated air pump by means of plastic tubing with 4 mm outer diameter and 1 mm wall 
thickness. Such membrane pumps are sold to aerate aquariums. In order to fix the needle at 
the desired height and inclination it is clamped by a flat magnet to a 30 x 400 mm iron sheet 
bent into a rectangle in the middle. The horizontal part of the metal sheet can be held in 
position by a paperweight or a stone, figure 3. 


To produce the luminous flame you need a lidded tin box, preferably a spherical one, 20 to 
35 mm in diameter. A 10 mm x 4 mm wickholder can be cut and folded from the thin metal of 
a beer or cola can. It should be fixed by soldering or clamping by a collet next to the inner 
side of the cylinder at the upper end. Remember the inclination of the upper end of the 
wickholder described above. Rectangular wicks are sold as spare parts for petroleum lamps, 
but several thick round wicks in a parallel position can be used instead. The device is filled 
with paraffin wax from the remains of old candles. Before use, the surface of the paraffin 
should be melted by means of a lighter. You can also use the luminous flame of a Bunsen 
burner instead of the paraffin lamp. Butane-operated Bunsen burners are available for 
nonstationary use. 


Fortunately today we can work without a blowpipe at all, since there are various small 
butane gas burners on the market since the 80’s of the 20" century. Some of them have an air- 
regulating screw as well as a valve to regulate the gas flow, figure 4. Items with a stable stand 
and piezo ignition should be preferred. Such butane torches are designed for use in soldering 
and welding; all constructions produce a hot oxidizing flame up to 1300° C, but only some 
devices can also produce a reducing flame. The oxidizing flame should have a minimum 
length of 12 mm and a maximum length of 40 mm; if the flame is too long the sample tends to 
be blown away. - Some cheap butane torches are designed for short use only. The device must 
be extinguished after 3 to 4 minutes use and any further use is only possible after the nozzle 
has cooled to room temperature. The nozzle is made of stainless steel and ceramic, but most 
other parts are plastic and may be deformed due to heating by radiation. This short time is not 
really a disadvantage because most tests are completed in less than three minutes. 


Fig. 3: substitute for a blowpipe: arrangement of a hypodermic needle connected to an air pump 
via plastic tubing 
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Figure 4: Heating on charcoal with a butane torch 


International air traffic regulations strictly prohibit the transport of inflammable 
compressed gas or fluids on all aircraft, only pocket lighters are an exception. This should be 
taken into account when field use is planned. Nevertheless it is possible to transport empty 
burners; butane refill containers are available in most cities of the world. 


The base and the vessels 


The small flame has a low heat capacity; this does not matter since the mass of the analysed 
matter and the chemicals is also small. But it implies that any vessel holding the melt in its 
place must also have a low heat capacity; thus the vessel must be very small. Another 
possibility is to place the melt on a base with a very low heat conductivity, such as charcoal 
which has been used since the very beginning of this technique. Traditionally, 110 x 35 x 12 
mm charcoal blocks were used and are still on sale. But you may cut your material using a 
fine saw from any dense charcoal sold for barbecues. The kinds made from basswood, pine, 
or willow are recommended. Used pieces can be recycled by grinding off the contaminated 
surface with a flat file or with abrasive paper. To hold the melt in place, a small cavity should 
be made with a penknife or a small coin. - Charcoal is a porous substance, therefore some 
melts are soaked up by the coal. This is the case for most alkali salts, only alkali phosphates, 
borates and silicates produce a bead on the surface. Any fusion on charcoal implies at least a 
weak reducing environment. 


For these reasons other vessels must be used for some melts. Originally platinum was 
preferred, as small spoons of 12 mm diameter, small crucibles and as wire. The free end of an 
approx. 0.3 mm thick platinum wire is coiled into a small U-shaped loop through which an 
ordinary match will barely pass. The other end is melted into a small glass tube. Due to 
surface tension the melt to be handled adheres to the wire as a bead. For further treatment it 
can be shaken off from the wire by a sudden jerk. To do this you have to heat the bead as 
highly as possible holding the wire tight in your fist, then bang your wrist on the table. With 
some skill it is possible to catch the falling bead in a dish, or - more easily - on a triple layer 
of aluminium foil. For some fusion reactions this technique is still important today. 
Remaining melt on the wire can be removed by melting some potassium hydrogen sulphate 
KHSO, to the wire loop. Any remains of this sulphate bead can be dissolved by boiling with 
dilute hydrochloric acid HCl, then rinsing with distilled water. 


Unfortunately platinum is heavily corroded at high temperatures by all sulphides, mixtures 
of chlorides and nitrates, alkali hydroxides, and under reducing conditions by any matter 
containing arsenic, antimony, lead, copper, bismuth, cadmium, nickel, or silver. Under 
reducing conditions free quartz reacts at 1000°C to SiO, which decomposes to Si + SiO 2. The 
Si reacts with Pt to a eutectic melt with a melting point of 830°C; this melt causes severe 
grain boundary corrosion. Any heating of phosphorous acid in platinum vessels should be 
avoided for similar reasons. - Moreover platinum is a precious metal and additionally the cost 
of forming wires and vessels is usually as high as that of the material itself. (A 10 cm long 
piece of 0.3 mm Pt wire costs about € 32.) 


Hence magnesia rods with 2 mm diameter and 120 mm length were introduced in the early 
20" century as a substitute for platinum wire. Originally they were made from magnesium 
oxide. They are still on sale, but nowadays such magnesia rods consist of a ceramic matrix of 
magnesium aluminium spinel MgAbO., and indialithe MgAlSi50;g, which is the high 
temperature polymorph of cordierite. Such rods are used like a platinum wire for bead 
melting; after use the contaminated end is broken off and discarded. The advantage is the 


possibility of reducing the melt, but the melt cannot be shaken off since the rods are brittle. 
"Magnesia“ furrows made from the same ceramic matrix are also on sale, they are used 
especially for oxidizing melts. Remember that any melt formed on such magnesia devices 
may be contaminated with Mg, Al and Si. Normally this does not matter, but in rare cases 
these ions may disturb an intended test in solutions of the dissolved melt. 


Small porcelain dishes and spot plates are recommended in the literature for melts and spot 
tests. Commercial spot plates are made from glazed porcelain and contain 6 to 12 flat 
depressions of equal size that hold 0.5 to 1 ml of liquid. Some authors recommend the melting 
of the analyzed matter with fusion mixtures in the flat depression of a spot plate, but at 
temperatures higher than 300° C the plate often cracks due to heat induced strain. Porcelain is 
made from a wet plastic mixture of kaolinite with a fine powder of quartz and potash feldspar. 
After the mass has been shaped to the desired form it is dried at normal temperature and then 
fired to temperatures of 1100° to 1200° C. Porcelain raw material is difficult to obtain, but 
you can also use normal potter's clay which is sold in hobby shops. Such clays are a wet 
plastic mixture of montmorillonite, sometimes halloysite with quartz and feldspar. On firing 
to high temperatures it is converted to a ceramic matrix consisting of mullite, quartz, glass, 
and residues of feldspar. 


Small dishes of fired potter's clay were already used in the 19'" century for the roasting of 
sulphides and in tests for gold and silver. At that time they were formed in a wooden mould 
impregnated with oil. Today it is easier to make them in another way. Take a piece of potter's 
clay with a consistency like plasticine and form a sphere the size of a small pea. Now press it 
on the surface of a ping-pong ball. By repeated pressing and flattening with the thumb form a 
small dish till the wall thickness is approximately 1 mm. The somewhat irregular rim of the 
clay layer does not matter for later use. A perfect spherical rim can be obtained by pressing a 
tube with 16 to 20 mm inner diameter against the freshly formed clay layer. Since the clay 
shrinks on drying, it falls off the ping-pong ball's surface after some hours of drying at normal 
temperature. Drying at normal temperature should be continued for at least two days before 
firing the clay to 1000 to 1100° C. Heating in an electric furnace is preferable, but a charcoal 
fire can also be used. In the latter case any adhering ash or coal should be removed by 
brushing and finally by glowing with an oxidizing flame. 


Clay furrows may be formed on the surface of a plastic pill tube; the outer diameter of the 
tube should be 18 to 25 mm.The rims may be cut by a knife. In a similar way it is possible to 
produce small streak plates if you press finely powdered quartz to the surface during 
formation on a flat surface. Streaks can be dissolved on such plates in situ by appropriate 
melts. The fired material does not show a pure white colour like porcelain, but is white with a 
yellow or gray tinge, because potter's clay normally contains traces of iron compounds. 


For use with solutions it is appropriate to glaze the dishes. This may be done in the 
following way. Mix 1 ml of waterglass thoroughly with a pinch of white toothpaste. Spread 
this mixture in a very thin film over the surface of the already fired dish by means of a fine 
brush. The glaze is formed by firing the dish again at 1000°C. Unglazed dishes made from 
fired potter's clay are slightly porous, they should be discarded after use, since they may be 
contaminated with remaining melt or solution. 


You may even use small thin shards of porcelain from saucers or tea cups for melt 
reactions. Please test such shards before use by heating to the desired temperature in order to 
avoid cracking by thermal strain during the experiment. All melts produced on a ceramic 
matrix may contain elements of that matrix such as Al, Si, Mg, K, Ca, and Na; some glazes 


may additionally contain Ti, B, Sn or F! A blank test should be done if the assay is intended to 
test for one of these elements; i.e. the experiment is done without adding the material to be 
tested. 


There are three ways to hold the ceramic dish in place during the heating process: 

- The dish is held by stainless steel forceps. 

- An iron wire is coiled to a loop of appropriate size and fixed to a wooden handle. 

- The ceramic dish is placed on a flat base with very low thermal conductivity such as 
charcoal, pumice, glass wool or ceramic wool. The glass wool may be placed in a flat tin 
box with a lid to cover it after use. 


Small test tubes are used for dry heating (7x70 mm), bigger ones for the handling of 
solutions. A wooden clothes-peg (spring type) may be used to hold the tube A spirit lamp 
should be preferred for heating. For temperatures up to 100° C bumping is avoided by using a 
waterbath. Use a small tin two-thirds full of tap water and add some sand grains. This 
waterbath can be placed on a tripod made from thick iron wire (figure 5). 


Fig. 5: dismountable water bath 


A small funnel and two or three 50 or 25 ml beakers are sometimes needed for preliminary 
work for spot tests. If field use is intended, the funnel and one beaker should be made of 
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polyethylene. Glass for laboratory use such as the Pyrex or Duran brands are recommended 
for the test tubes and beakers. Some watch-glasses fitting the beakers are needed as well as 
microscope slides, small glass rods and cover glasses. Never try to heat watch-glasses by 
means of a flame; however they can be heated on a water bath. 


Glass tubes of 140 mm length, with an internal diameter of 4 mm and 6 to 9 mm are used 
for some tests. Glass tubes are cut in the following way. A tiny notch is filed into one side of 
the glass tube, which is then half pulled, half broken in two. Put your thumbs on both sides on 
the opposite side of the notch, it is safer to wrap the glass tube in a towel before pulling! 


Sample preparation 


In sample preparation it is of the utmost importance to ensure the purity and homogeneous 
character of the mineral in question. Since, in most cases, only very little material is required 
for the tests, careful selection can generally secure enough in a pure condition. In rare cases 
you may even use a mineral intergrown with another (but well-known) mineral, like quartz or 
calcite. 


With a few exceptions the mineral must be ground to a fine powder. As a rule the powder 
should feel like flour when rubbed between your fingertips. Most textbooks recommend the 
first grinding in a steel mortar, followed by a fine grinding in a small agate mortar of approx. 
25 to 60 mm diameter. The agate mortar and pestle are used for grinding only, never for 
pounding hard bodies! Agate mortars should be cleaned by the repeated grinding of fine 
quartz powder. Agate is a slightly porous matter, avoid wetting it with any solutions, since 
this may cause contamination in subsequent use. - Mineral fragments may be powdered by 
wrapping in several folders of thick paper or plastic foil, and hammering on a flat piece of 
steel, in this way the use of a steel mortar can be avoided. 


But very often you can obtain enough material by using a file. Diamond files are superior 
to all other devices, but they are expensive (approx. € 17 each). A so-called sapphire file, 
originally intended for nail care, and available from pharmacies or drugstores will do the same 
job. After use the file must be cleaned with soap and water, using an old tooth brush. In most 
cases the powder obtained by the file can be used for the test, but sometimes it is better to 
grind it to a finer state in the agate mortar. If no agate mortar is available, you can use a 
porcelain mortar instead for all minerals with a hardness lower than 6.5. Since the mortar has 
to be cleaned after use as well, a porcelain mortar is somewhat inconvenient, because its 
surface is very rough. 


Another simple possibility is to obtain a fine mineral powder by rubbing the mineral piece 
on carborundum paper designed for wet grinding and polishing, the grinding paper should be 
discarded after use. - Minerals with a hardness of less than 5 on the Mohs scale may be 
rubbed on a clean streak plate; rubbing an area of | square centimetre usually yields enough 
matter in a dispersed state for a test. In the case of acid soluble minerals they can be dissolved 
on the streak plate in situ. Again the streak plate has to be cleaned with water, soap and a 
brush afterwards. Remaining residues can be dissolved by melting a mixture of ammonium 
chloride and ammonium nitrate on the streak plate which is placed on charcoal or held by 
forceps. For such purposes it is recommended to cut a streak plate in 10 to 20 mm wide strips 
by means of a diamond saw or a grinder. 


The powdered sample is transferred by means of a fine watercolour brush to a glazed paper 
which has previously been sharply folded and flattened again. Rough and fine grains can be 
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separated by gently knocking against the paper from one side. The fine powder is now 
transferred to an aluminium foil. Any necessary mixing with dry chemicals can be done on 
the aluminium foil. The use of toothpicks is recommended for this purpose. Never use 
matches, since they are usually impregnated with chemicals. A watchglass or a microscopic 
slide should be used for wet mixing or mixing with potassium or ammonium hydrogen 
sulphate. — It is not neccessary to buy glazed paper, it can be cut from advertising leaflets or 
the cover page of any magazine. 


Beginners tend to use too much substance. Enough powder to cover a small knife-tip 
amounts to approximately 50 mm, this applies to 20 to 60 mg, depending on the density of 
the mineral and the grain size of the powder. Such an amount is called a pinch in this paper. A 
small pinhead has a volume of approximately 1 mm’, such a volume of a powdered mineral 


weighs 0.4 to 1.2 mg. 


The reagents 


The good news first: for the most important tests you need only a few chemicals and 
normally only a very small amount of each. Generally minute amounts, a pinch or a knife— 
pointful, are used for a test. Thus a sufficient supply may be stored in approx. 5 ml volume 
plastic tubes with a tight-fitting hinged lid. All chemicals should be carefully labelled! 


The bad news: 

- If you want to do all possible spot tests, you have to keep more than 50 different 
chemicals in store. 

- Although you will use very small amounts of any chemical, suppliers sell only large 
packages, much bigger than you need! 


The simplest way to overcome these difficulties is to have a friend who works at a chemical 
laboratory, preferably at an university laboratory. Some of the chemicals are sold in small 
quantities by pharmacies. Another way is to place a joint order together with other interested 
collectors. Some hints about suppliers are given in part II. 


Solid reagents. 


Sodium carbonate, NaxCO3 (soda); NazCO3 10H2O (natron) is also available.- 

Dry sodium carbonate should be preferred. It melts at 854° C. The melt decomposes most 
chemical compounds, thus producing the sodium salts of the anions, the cations are 
transferred to carbonates, oxides or other compounds. NaHCO3, which is sold as baking soda 
at pharmacies, may be used as well. 


Sodium tetraborate, NayB4O7 ; Na2B4O7 10 H2O (borax) is also available.- 

The dry reagent melts at 742° C. The melt cools to a clear glass. Sodium tetraborate melt 
dissolves various substances, especially metal oxides, in many cases yielding characteristic 
colours. 


Ammonium sodium hydrogen phosphate, NH4NaHPO, 4H20, is sometimes called 
phosphorous salt or microcosmic salt.- 

On heating, this salt changes to sodium metaphosphate NaPO3 by losing water and NHs. 

If available NaPO3 should be preferred. The melting point is 628° C, again a clear glass is 
obtained. Many oxides give a distinct colour to the glass. 
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The origin of the name microcosmic salt. 


Beads of sodium metaphosphate saturated with some oxides cool to a clear glass. Small crystals grow 
in the glass on repeated heating and cooling. A microscope with a 80 to 100 x magnification is needed 
to inspect these crystals with various morphologies. Such beads resemble a microcosmos. Some 
authors tried to use the effect for analytical purposes in the 19"" century, but these efforts failed. Borax 
beads sometimes show the same effect. 


Potassium hydrogen sulphate KHSO4 — 

This compound melts at 210° C, it decomposes according to: 

2: KHSO.4 => K2S207 + H2O and KoS.07 => KoSO, + SO3 : 

A variety of minerals are decomposed by fusion with the reagent. Such fusions may be made 
either in a platinum wire loop, on a magnesia rod, in porcelain, on glazed clay dishes, or in a 
test tube. 


Ammonium hydrogen sulphate, NH4HSO, — 
Melting point 147° C. This compound or its concentrated solution can be used instead of 
concentrated sulphuric acid in some cases. 


Potassium nitrate, KNO3 (nitre) — 
It is used only in a mixture with three parts of sodium carbonate in sensitive reactions for 
chromium and manganese. 


Tin) chloride, SnCh 2H2O — 
It is used in reductions. 


Potassium oxalate, K2(COO), — 
Is used for reducing melts, mostly together with sodium carbonate. 


Tin, Sn / zinc, Zn — 
These metals are used for reductions. The granulated metals are preferred, thin foil is useful, 
too. Don't use soldering tin, since this is an alloy! 


Magnesium, Mg — 
Magnesium ribbon is useful for detecting phosphoric acid in minerals. 


A mixture of one part ammonium chloride NH,Cl and two and a half parts of ammonium 
nitrate NH,NO3 has a melting point of approx. 140° C. It may be used like aqua regia, which 
is a mixture of concentrated nitric and hydrochloric acid. The solid mixture should be kept 
dry, any contact to metals or reducing chemicals should be avoided! Melting should be done 
in porcelain or glass vessels or on a magnesia furrow. 


Cobalt nitrate, Co(NO3)2 — 
Just before use, the required amount of this salt is dissolved in 10 parts of water. The solution 
is used to identify some oxides. 


Ammonium heptamolybdate, (NH4)6Mo7O024 4H20 — 
It is used for the detection of phosphates, arsenates, and silicates. 
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Liquid reagents 


You will need distilled water, which is sold at pharmacies or filling stations. It is convenient 
to keep a supply of distilled water in a washbottle of the type used in chemical labs. 


Hydrochloric acid, HCl — 
Concentrated HCl is sold with either 32 or 36 weight%. A 1:1 dilution is generally used. 


Nitric acid, HNO3 — 

Concentrated nitric acid has 65 weight%. It is extremely corrosive, keep it away from skin, 
fabric, metal and paper. Generally a dilution of 1 volume conc. HNO3 with 2 volumes of 
water is sufficient. 


Sulphuric acid, H2SO4 — 

A diluted sulphuric acid 30 weight% is sold for lead batteries at filling stations in nearly all 
countries. This acid is sufficient for nearly all tests. - Some drops of the concentrated acid 
may be prepared by heating no more than 1 ml of the 30% acid in a test tube, shaking 
vigorously till white fumes are produced. Use and handle the remaining liquid only after 
cooling! - In most cases it is possible to use ammonium hydrogen sulphate instead of 
concentrated sulphuric acid. 


The concentrated acids described above should be stored in small glass bottles with ground- 
glass-stoppers. The diluted acids can be stored in polyethylene bottles with screw tops. Before 
filling please leak-proof the bottle and the screw; fill with water, screw shut, and squeeze the 
bottle gently holding the neck of the bottle downward. 


Ammonium hydroxide, NH4OH — 
The concentrated solution has 34 weight%, a 1:1 dilution is sufficient. 


Methanol, CH3;0H — 
It is used for a special boron test, or as a solvent for organic compounds, it is poisonous when 
swallowed! Denatured ethanol may be used instead. 


Hydrogen peroxide, H)O2 — 

A diluted solution is used in some tests for Ti, Cr, V, or Mn. — You may use a freshly 
prepared solution of sodium perborate instead. This is a constituent of tablets sold for cleaning 
dentures. Look for the name sodium perborate on the label showing the ingredients. A 
common brand is Kukident. A tiny part of a tablet dissolved in 1 — 2 ml water is sufficient for 
each test. 


It is advisable to store only a very small amount of all wet chemicals, bottles holding 30 or 
50 ml are sufficient! If you need only a few drops, use a dropper to take the amount from the 
bottle. - A glass tube with a narrow inner diameter (3, 4, or 5 mm) is heated in the middle over 
a flame, turning it slowly so that the glass will be uniformly heated. When the glass becomes 
quite soft, the tube is removed from the flame and quickly pulled in two parts. Break off the 
thus formed capillary in order to get a narrow opening. Soak the liquid by means of a rubber 
bulb, it is a good auxiliary construction to fix a plastic tubing to the end of the glass dropper 
and close the end of the plastic tubing by a glass rod (figure 6). 
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Fig. 6: dropper 


For transport of any kind the leakproof plastic bottles should each be wrapped in a plastic 
bag secured by sellotape. Put this in a tin with a tight lid and fill the free volume at least partly 
by an absorbent material like silica gel. You can also use the super-absorbent material from a 
modern diaper like the brand pampers. Again the lid of the tin should be fastened with 
adhesive tape. 


The transport of any corrosive liquids, acids and strong alkaline solutions on an aircraft is 
strictly prohibited by international air traffic regulations. You may overcome this difficulty by 
using 30% sulphuric acid for lead batteries which is available worldwide and can be bought at 
your destination. 


- On dissolving 4.3g of NaCl in 10 ml of such acid and adding 10 ml of water you get a 
15% HCl. 


- A solution of 6.1g of ammonium nitrate in 10 ml of sulphuric acid 30% can be used 
instead of nitric acid. 


- If you dissolve 2 g of NHiCl and 1.4g of NaOH in 10 ml of distilled water, you may use 
this solution like ammonium hydroxide. 


Weigh these chemicals at home and seal or weld them separately in plastic for transport. Do 
not forget to label them correctly. Mark a volume of 10 ml by a waterproof pen on a test tube. 
The additional ions in these solutions must be considered only in the case of a few wet tests. 
If you only need an acid to detect calcium carbonate, you may use vinegar, or, better a 10% 
solution of citric acid in water. 


Safety hints 


All tests rely on chemical reactions, especially fusion processes can produce poisonous 
gases and fumes. If you are working in a laboratory please use the fume-cupboard. Otherwise 
you may work with such reactions in the open air or on a balcony. Ensure good ventilation 
and take care that no other persons are inconvenienced by the fumes. If you want to smell 
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anything you should take a deep breath beforehand, then stop breathing and take a tiny extra 
sniff by fanning the air towards your nose, followed by immediate breathing out. There is 
scarcely any health hazard if you always work with the recommended small amounts of 
sample and reagent. 


Nitrates, nitrites, bromates, iodates, and sodium perborate are oxidizing chemicals, avoid 
any fusion with reducing chemicals like sulphur, powdered coal, oxalates, thiocyanates, 
organic compounds, or pure sulphides since this may lead to a rapid combustion or even an 
explosion. 


The use of goggles is strictly recommended. 
During the work do not smoke, eat or drink. 


Wash your hands carefully after work. 


If any drops of acid or other solutions are spilled on skin or fabric, rinse immediately with 
plenty of water. Traces of acids adhering to fabric can be neutralized with white toothpaste 
containing calcite. 


If you are working with concentrated acids or if you heat strong acid or alkaline solutions 
the use of protective gloves is by no means a sign of weakness but a prudent decision. The 
thin rubber gloves designed for medical use are excellent for that purpose; but a thin, 
transparent plastic bag may be used as a substitute as well. 


Great care has to be taken to avoid any delay in the formation of steam bubbles if it is 
necessary to heat a solution in a test tube! Such sudden steam evolution may sputter 
considerable amounts of the boiling liquid out of the test tube, this may cause serious burns 
especially if the solution contains strong acids or bases. The effect is known as "bumping", it 
is avoided by heating the test tube not at the bottom, but at the side and by gently shaking the 
test tube in a slanting position during heating. In any case the open end of the tube should 
never point towards the operator or any other person! 


Hot things look the same as cold ones! Before touching any device that has been heated, 
please control its temperature by its radiation: bring the back of your hand next to it, but don't 
touch it! This part of human skin is very sensitive to infra-red radiation. - Finger protectors for 
thumb and forefinger may be cut from thick rubber tubing approx. 25 mm in length and slit 
once in an axial direction. Silicone rubber tubing should be preferred for such purposes, since 
it stands temperatures up to 200° C. 


Never suck any liquids into glass tubes or plastic tubing by means of your mouth! 


All solutions thrown into the sink must be well diluted with tap water first, and the sink 
rinsed with plenty of water. 


Never store any chemicals in bottles or vessels designed and used for drinks or food! - 
Take care that no unauthorized persons, especially no children, have access to 
chemicals! 


To protect your working table cover it with newspaper and a double layer of aluminium foil 
like that sold for kitchen use. 
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The classical tests 


These are the tests developed and widely used in the 19'" century. The mineral powder is used 
directly, no wet separation process is employed. 


Heating in a closed tube 


Glass tubes closed at one end, 8 to 10 cm long and 3 to 6 mm internal diameter should be 
preferred, but it is also possible to use small test tubes. The coarsely powdered assay of 1 to 
50 mg of mass is transferred to the bottom of the tube, take care to avoid any fine material 
adhering to the upper parts of the tube wall. In some cases it is advantageous to use only a few 
pieces of approx. 1 mm diameter. The tube is heated at the bottom and held by a wooden 
clamp or clothes-peg at the top in an oblique, nearly horizontal position. If any water 
condenses in the upper part, put some cotton wool in the upper part to avoid water drops 
rolling back to the hot part and causing cracks. It is important to increase the temperature 
slowly. 


You may observe the following phenomena: 


a. Change in the condition or appearance of the assay. 
b. The formation of gases which collect in the tube. 
c. The formation of sublimates or condensed liquids on the cold walls of the tube. 


a. Change in condition and appearance. 


Only materials with a low melting point fuse in the closed tube. Such boiling melt points to 
minerals of the zeolite group, or to crystal hydrates. They can be distinguished by their 
hardness, zeolites are not scratched by steel. 


Minerals containing liquid inclusions may snap and explode owing to the evolution of 
steam during heating. Sometimes they break up into very fine powder or dust, e.g. milky 
quartz. This phenomenon is called decrepitation. 


Some minerals emit a bright, often coloured light when heated below redness.( T = 300° C) 
The effect can be observed only in darkness. It is caused by the healing of lattice defects on 
heating. The lattice defects are always due to radioactive radiation which had hit the crystal 
since its formation. This effect is called thermoluminescence, it is often found on fluorite, 
quartz, calcite, apatite, zircon, and diamond in specimens from different outcrops. 


Sometimes the colour of a mineral changes due to the healing of lattice defects on moderate 
heating, mostly from dark colours to lighter ones. Such bleaching is a common procedure 
used in treating raw gemstones, especially metamikt zircons. — But minerals may also change 
colour after heating, owing to decomposition. For example the carbonates of copper, iron, and 
manganese become black on heating, due to the formation of black oxides. A dark red colour 
frequently occurs when hematite is formed. 
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b. The formation of gases 


Carbon dioxide CO is obtained from most carbonates, it may be identified by introducing a 
drop of a clear barium hydroxide or calcium hydroxide solution onto the inner wall of the 
tube next to the open side. The drop becomes white owing to the formation of the respective 
carbonates. The calcium hydroxide solution should be freshly prepared by agitating some 
Ca(OH)2 with water in a test tube, after allowing the surplus solid to settle for some minutes, 
take a drop of the clear solution by a glass rod for the test. 


Oxygen O2 may be formed by the decomposition of pyrolusite and other manganese oxides. 
To detect it, light a wooden toothpick with a torch flame, blow out the flame of the burning 
wood and insert the still glowing end of the toothpick into the tube. The presence of oxygen 
causes the glow to intensify or the flame to re-appear. 


Sulphur dioxide SO2 with a strong, pungent odour may be formed by the decomposition of 
sulphates or the part-oxidation of sulphides. It is detectable by the acid reaction it imparts to 
moistened pH-paper or by the decoloration of wet brown pyrolusite-paper. Such paper is 
prepared by soaking white filter paper with an aqueous solution of potassium permanganate 
and drying the paper. Soaking and drying is repeated once or twice till the paper is distinctly 
brown . The dry paper can be stored for months in tightly sealed glass or plastic vessels. For 
use cut a small strip, dip it in water, shake off any surplus water, and place it half inside the 
tube, bending the second half down. The decoloration is due to the reaction SO2 + MnO2 => 
MnSO,j , which only occurs in the presence of water. 


Sometimes minerals containing fluorine as well as OH-groups cause hydrofluoric acid HF 
to form; it will etch the glass, gives an acid reaction to pH-paper and has a pungent odour. 
This reaction occurs only at higher temperatures. (e.g. topaz) 


Many organic materials will develop a brown smoke, mostly accompanied by dark 
distillation products and an empyreumatic odour. Only amber or natural resins produce an 


aromatic odour. 


A garlic-like odour points to the presence of arsenic, while selenium causes a peculiar odour 
resembling the smell of a rotten radish. 


c. The formation of sublimates or condensed liquids on the cold walls of the tube. 

Water is given off from zeolites and hydrates like gypsum at low temperatures. Minerals 
containing the hydroxyl group, like clay minerals, micas or amphiboles lose their water due to 
the reaction 2OH => H)O + O* only at higher temperatures. Any sublimate that occurs 
should be inspected through a lens and proved by heating the tube at the location of the 
sublimate: 

Black like a black mirror, next to the assay dark gray crystals > As 


Black similar to As, transferred to a streak plate and rubbed it turns red > HgS 


Black fusible globules = Se or Te, small globules of Se transmit a reddish light. 
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Red to brown colours point to sulphides of As or Sb , hot they look nearly black, the As- 
compounds are readily volatile. 


Yellow, hot orange-red = S, may be produced in the closed tube by pyrite or marcasite. 


White may be ammonium salts, or As2O3, or Sb2O3, or lead chloride, or Hg2Ch. 
Repeat the test adding five times the amount of dry sodium carbonate to the 
assay, ammonium salts give the NH3 smell, mercury chloride decomposes to 
metallic mercury. To distinguish As- and Sb-oxides use the open tube test. 


Gray metallic globules, which may be united by rubbing with a strip of paper > Hg 


When sulphates decompose, small drops of concentrated sulphuric acid may sometimes 
occur, they look like oil. - Closed tubes should be discarded after use if any sublimate has 
formed. 


Heating in an open tube 


Glass tubes, open at both ends, are employed in heating and roasting substances in a current 
of air, thus bringing about oxidation. The tubes should be between 5 and 8 mm internal 
diameter and 15 to 17 cm long. They should be held in a slanting position of 20° to 30° in 
order to ensure a draft of air on heating. Straight tubes may be used, but the powder of the 
assay tends to fall out of the tube. To bend a tube, heat the tube 5 cm from one end, turning it 
constantly during heating. When this part becomes soft, bend it to an angle of 20°-30°. The 
coarsely powdered sample is placed next to the bend. Bring the smaller part in a horizontal 
position and heat the tube first somewhat above the sample to produce a draught of air. The 
long part acts like a chimney, hold the tube at this upper end. Please increase the temperature 
very slowly to ensure complete oxidation. Heating in an open tube is one of the most 
important tests for minerals which are suspected to belong to the sulphide group; the test will 
give a reliable proof if S, As, Sb, Hg, Te, or Se are main constituents. 


S: All sulphides are oxidized and sulphur dioxide is formed, which can be detected by its 
odour or by the colour change of wet pH-paper. Again brown moistened pyrolusite paper can 
be used to detect the formation of sulphur dioxide, which will bleach the brown paper. The 
minerals sphalerite ZnS and molybdenite MoSz are difficult to roast, they should be used as a 
fine powder for this test. — 


As: All arsenides are oxidized to As2O03, which is white and readily volatile. The sublimate 
forms as a ring, and where it deposits on the warm glass it is distinctly crystalline. With a 
good lens octahedrons can be observed. The typical garlic odour should not occur, since this 
is an indication of incompletely oxized samples. — 


Sb: This element is oxidized to Sb203, which is white and slowly volatile. The sublimate 
forms as a dense, white smoke, which passes up the tube and partly settles on the upper side, 
partly it leaves the tube. It is volatile, but on further heating it changes to Sb2Oz, this 
compound is non-volatile, infusible, and its colour is pale straw-yellow when hot. Often a 
white "fur‘*-like deposit of this compound is formed on the underside. 


Se: SeOz has a typical odour of rotten radish. Only large amounts produce a gray sublimate 
of Se next to the sample. It may turn to red at a distance, and, far from the sample there 
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appears a sublimate of SeO2 made up of white, radiating, prismatic crystals, which are readily 
volatile on heating. 


Te: Produces a white smoke, partly it passes through the tube, partly it settles as a thick, 
white sublimate on the lower side. Very similar to Sb2Oz, but on heating of the sublimate of 
TeO> small oil-like drops are formed! 


Hg: Produces gray metallic globules; volatile. By rubbing the minute globules with a strip of 
paper, they may be made to unite. 


Bi: If sulphides are present, a small white sublimate of bismuth sulphate is formed. When 
heated it melts to brown drops, the cooled drops are yellow and opaque. On increased heating 
they vanish due to the formation of Bi-silicates. 


Pb: Sulphides with a considerable lead content may give a small amount of a sublimate of 
PbSO .. The colour is white when cold, on strong heating it vanishes due to the formation of 
colourless lead silicate. 


The test for Pb and Bi is not very reliable and should be confirmed by heating on charcoal. 
Arsenates are already oxidized, they will not give reactions in the open tube. The same is true 
for most sulphates, only those of some transition metals are decomposed to the metal oxide 
and SO3, which itself decomposes at higher temperatures to SO2 and oxygen. - Open tubes 
should be discarded after use if any sublimates were observed during the test. 


Heating on charcoal 


Most probably this is the oldest method to prove ores. Both reductions and oxidations are 
obtained on charcoal. If the mineral shows no decrepitation a small piece of 1 to 2 mm 
diameter is used, otherwise the sample is finely crushed and mixed with some water to a 
paste. The piece or the paste is laid on the coal into a flat cavity approx. 1 to 2 mm depth 
about 10 mm from one end of the coal. Now the surface of the charcoal is brought into a 
slanting position of approx. 20° with the assay at the lower end. The flame is directed towards 
the sample in such way that the area just ahead of the inner blue cone is close to the sample, 
while the remaining hot gases pass over the charcoal towards the upper end (figure 4). The 
combined effect of the flame and the burning charcoal gives considerable heat and intense 
reduction is achieved. Many elements are volatilized; passing into air they take on oxygen and 
deposit characteristic coatings of oxide on the coal. The sulphur of sulphides oxidizes to SO2 
with its typical odour. The garlic odour of As or the odour already described typical for the 
presence of Se occurs only under strong reducing conditions. 


It is important to judge whether any sublimate is deposited next to the assay or far from it. 
Any colour should be recorded in the hot stage as well as after cooling. Some sublimates are 
volatile on direct heating. Please try gentle heating first and look for any coloration of the 
outer flame when touching the sublimate with the top of the flame.- Some charcoals produce a 
white-gray ash on burning. This may be confused with a sublimate. To test it, please do a 
blank test without assay. 


In some cases a metallic bead is formed. - If no sublimate or metallic bead is achieved, the 
procedure should be repeated using a finely powdered mixture of one volume sample with 
three volumes of dry sodium carbonate. This mixture is slightly moistened before heating to 
avoid any blowing-off effects by the flame gases. The soda mixture should always be applied 
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if there is any likelihood that the mineral may belong to the sulphide group or is a gossan 
mineral! 


If the substance is assumed to be a carbonate or sulphate it should be brought into contact 
with wet pH-paper after intense glowing of the pure sample on charcoal. The carbonates and 
sulfates of the alkaline earth group show an alkaline reaction, due to the formation of the 
appropriate hydroxides. 


As: Produces a white, very volatile sublimate far from the assay. Sometimes the colour 
changes to gray. When touched with the flame the sublimate vanishes rapidly and gives a 
pale blue colour to the flame. Often the garlic odour is pronounced if the mixture with sodium 
carbonate is used. 


Sb: The Sb203 sublimate is white, less volatile than that of As2O3, and therefore nearer to the 
assay. Thin layers distant from the assay show a bluish colour. Touching with the flame 
causes the sublimate to move with a pale green shine.- A grayish-white, brittle bead is formed 
only if enough antimony is present. After extinction of the flame, the bead stays liquid for 
some time, producing white smoke. Eventually, the last smoke produces tiny white crystals on 
the bead's surface. 


Se: The volatile sublimate is steel-gray, far from the assay it often changes to white, tinged 
with red. When touched with the flame it imparts an azure-blue colour to the flame. The 
typical odour similiar to that of rotten radish is pronounced. 


Te: A dense, white sublimate with a gray, sometimes brownish rim is typical. It is volatile; a 
green shine is produced only with a reducing flame. 


Zn: The ZnO sublimate is canary-yellow only when hot, but white when cold. It is not 
volatile! 


Cd: CdO deposits as a dark, almost black sublimate, which changes with decreasing thickness 
from reddish-brown to yellow, the outer coal surface shows an iridescence resembling 
peacock colours. The colour varies from blue-violet to black, followed by a change from 
copper-red to brass-yellow towards the cold side of the coal. This iridescence is very typical, 
it can be observed even in the presence of a large surplus of zinc. - The sublimate is volatile if 
touched by the flame, but it imparts no colour to it. 


Bi: Bismuth produces a sublimate of BOs, it is dark orange-yellow when hot and changes on 
cooling to yellow with a yellowish-white rim. The coating is volatile if the coal is heated to 
visible glowing, but no colour is given to the flame. — Any formed metallic bead shows a gray 
to reddish-white colour and is brittle, although it may at first flatten to some extent when 
hammered. 


Pb: Lead compounds produce a gray malleable metallic bead. The bead imparts a blue colour 
to the oxidizing flame; the PbO settles as a dark-yellow sublimate when hot, the cool oxide is 
sulphur-yellow with a bluish-white rim of lead carbonate. The sublimate is volatile on 
glowing, again imparting a blue colour to the flame. 


A yolk-yellow sublimate of a mixed oxide of lead and antimony is formed next to the assay if both 
elements are present in the assay. The typical Sb.O; sublimate is produced as well. - Many authors in 
the 19" century found it difficult to distinguish the yellow sublimates of Bi and Pb oxide. They 
resolved this problem by converting the oxides to iodides, which have quite different colours. The 
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coatings were moistened with a solution of iodine in alcohol. On repeated heating the bismuth oxide 
changed to a volatile brilliant red bismuth iodide, while the PbO changed to volatile yellow lead 
iodide. 


Sn: Tin compounds are reduced to a bright white bead of metallic tin in the reducing flame; it 
assumes a white coating when cold. The bead is malleable, the white sublimate of SnOz is 
next to the assay and nonvolatile. 


Cu: Copper compounds are reduced to red, malleable beads. They are fusible only at a rather 
high heat. Sometimes many small globules or spongy plates are formed. They are bright when 
in the reducing flame, but they oxidize and become black on exposure to the air. No coating is 
formed on the charcoal. 


Ag: Minerals containing enough silver form a white and bright malleable bead. It is easily 
fusible. If less noble metals like lead, antimony, or zinc are present, an alloy bead is formed. 
Prolonged treatment with an oxidizing flame causes these less noble metals to oxidize and 
eventually the silver bead is formed. In such cases the white sublimate of oxides turns reddish 
by the deposition of traces of silver oxide AgoO. If copper is present its full oxidation is 
sometimes difficult since black copper oxide covers the bead. An easy way to detect any 
silver content of such beads is to tranfer the bead to a ceramic dish. Add some borax and treat 
with an oxidizing flame. The oxidized copper dissolves in the borate melt with a blue colour 
and the silver bead remains. 


Au: Gold is rather easily fusible, the yellow malleable bead is bright in the hot as well as the 
cold stage. On prolonged heating some gold is vaporized, producing a reddish to golden 
colour which can be observed only on a white base, but not on charcoal. If any alloy should 
be proved, melting with borax on a ceramic dish is recommended. If gold and silver is present 
the colour of the remaining bead depends on its silver content. 


Mo: Minerals with a considerable molybdenum content produce a sublimate of MoO3 which 
is pale yellow when hot, but white when cold. It is sometimes distinctly crystalline, and is 
volatile in the oxidation flame. This coating assumes a beautiful azure-blue colour if it is 
touched for an instant with a reducing flame. If the coal glows red during contact with the 
flame the coating is reduced to a lower oxide, which looks copper-red when cold. 


Black magnetic globules or flakes, or a magnetic mass will be obtained on fusing iron 
containing minerals with sodium carbonate on charcoal. The same may happen if cobalt or 
nickel is present. For further wet analysis for Fe and Ni they should be dissolved in hot 
concentrated HCl. Cobalt can be detected by dissolving some of the powdered globule in 
molten borax; see borax and phosphorous salt beads. 


Easily fusible globules with a metallic lustre, bright when in the reducing flame, but 
tarnishing on exposure to the air, are frequently obtained when combinations of certain metals 
like Pb, Ag, Cu, and Bi with S, As, or Sb are heated on charcoal. They can be distinguished 
from metallic beads by their brittleness. Complete oxidation of S, As, and Sb can be achieved 
by prolonged treatment with the oxidation flame. 


White coatings may also result from the volatilization of some chlorides, namely the 
chlorides of lead, copper, bismuth, mercury, ammonium, and the alkalis. Touching with the 
flame renders such sublimates volatile, Pb and Bi forming a yellow new sublimate. PbCb 
imparts a pale blue colour to the flame. If CuCh is present it melts and produces an intensive 
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azure blue flame colour. These phenomena are only important if you are testing oxychlorides 
from an oxidation zone. 


To prove whether a bead is brittle or malleable, put the bead on a flat piece of steel and give 
it a gentle blow with a hammer. Brittle beads will crash to pieces, while perfectly malleable 
metallic globules can be hammered to thin sheets. Less malleable globules can be hammered 
to sheets when they are heated after each blow. On proving alloys care should be taken 
especially with lead-gold alloys, some compositions in this system are extremely brittle! 


Some scientists in the 19"" century recommended heating on gypsum plates as well as on 
charcoal, since some coloured sublimates may be more easily detected on a white surface. In 
fact, this is true for the red-brown sublimate of silver oxide and the red one of gold. In all 
other cases the use of gypsum plates provides no advantage at all. - These gypsum plates were 
prepared by making a thin paste from calcined gypsum with water, pouring this upon a sheet 
of glass, and spreading it out evenly until it is 3 to 4 mm thick. Before the plaster sets, its 
surface is ruled off by means of a knife into rectangular blocks about 4 x 8 cm. They are 
removed after the plaster hardens. 


According to a suggestion by Goldschmidt the sublimates can be deposited on small cover 
glasses for microscopic use. The cover glasses have to be positioned on the charcoal at an 
appropriate distance from the assay. They are excellent for further microscopic observation. A 
small pocket microscope with a 30x magnification can be used. Such sublimates on a cover 
glass can be transferred to a test tube as well and used for further wet analysis. 


The coloration of borax and phosphate beads 


Borax is Na2B407 10 H,O; on heating it loses its water of crystallization and melts at 742°C 

to a colourless, transparent glass, which consists of a mixture of sodium metaborate and boric 
oxide. Na2B407 = 2NaBO> + B203 . 
The hot melt reacts with most oxides of the transition metals, as well as the oxides of the main 
group elements and silicates. The reaction leads to metaborates, sometimes orthoborates are 
also formed. Any SiOz deriving from silicates or quartz is incorporated into the glass structure 
if a surplus of borax is employed. Many transition metals impart a characteristic colour to the 
glass. On reducing conditions some elements are transferred to a lower charge, e.g. Fe** => 
Fe’*, and in such a way a characteristic colour change is evoked. Some elements can be 
reduced to the metallic state, like Cu or Ni. 


Very similar beads result on the melting of sodium ammonium hydrogen phosphate tetra- 
hydrate, Na(NHs)HPO, 4 H20O which is also called microcosmic salt. The colourless, 
transparent beads contain sodium metaphosphate in a glassy state: 

Na(NH,)HPO, => NaPO3 + H2O + NH; 

Pure sodium metaphosphate NaPO3 melts at 628°C, it is recommended to use this dry 
component instead of the microcosmic salt, if it is available. 

Again the melt dissolves the oxides of transition metals by the formation of orthophosphates, 
e.g. CuO + NaPO3 => NaCuPO, 

The colour of the phosphate beads is generally very similar to that of the borax beads, but 
there are some important exceptions. Silicates are also dissolved by the metaphosphate melt, 
according to the formula 


CaSiO 3 + NaPO3 => CaNaPO,4 + SiO 2 
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Quite in contrast to the borate melt, in this case the formed silica is not incorporated into the 
glass structure! The silica "skeleton* of dissolved small silicate grains often can be detected in 
phosphate beads during and after fusion. However, it should be noted that many silicates 
dissolve completely in the bead, but the remaining S102 is not visible to the naked eye or by 
using a lens. So the absence of any silica "skeleton does not conclusively prove that a silicate 
is not present! 


There are two further differences regarding both kind of beads: 


- Borax beads are more viscous than the phosphate beads. Therefore it is easier to handle 
a borax bead if the molten bead is held in place by its surface tension. 


- The colours of the phosphate beads are usually more pronounced. 


The beads can be made in several ways. Use of the platinum wire loop is the oldest way, 
and it is the best method since you can look through the bead. Unfortunately great care must 
be taken when treating beads on a platinum loop with a reducing flame, because any 
formation of easy reducible elements will lead to corrosion of the platinum. Melting the bead 
on the tip of a magnesia rod avoids these pitfalls, but any judgement of the colour must be 
done against the background of the magnesia rod. 


If necessary, beads can also be prepared in small cavities on charcoal. This technique 
achieves an intensive reduction; by adding a small amount of tin or tin chloride any content of 
Cu or Ni can be reduced to the metallic state. It can be extracted subsequently from the bead 
by melting with some lead. 


To produce a bead, heat the platinum loop or the magnesia rod to a red glow, then dip it into 
the appropriate salt. Some material should adhere to the loop or rod. Now glow again till all 
material is molten. This procedure should be repeated till a clear colourless bead of sufficient 
mass is formed. Do not dip any hot loop or rod into a plastic storage vessel, it may melt! Put 
some borax or sodium metaphosphate on a piece of aluminium foil instead, and pick it up 
from there. - If the assay is a mineral of the sulphide group it has to be roasted before being 
used for bead coloration. Put a thin layer of the very finely powdered sulphide on a magnesia 
furrow and glow it till all material is converted to the oxides. Easily melting minerals can be 
roasted if they are mixed with some pure graphite powder. If any difficulties arise due to 
incomplete oxidation, mix the half-roasted powder with some ammonium carbonate and glow 
again. 


The finely powdered assay is placed on aluminium foil and a minute amount is brought to 
the moistened cold colourless bead by dipping it into the powder. A trace of saliva may be 
used for moistening. Now melt to a bright glow for approximately a minute, then look at the 
hot bead as well as at the cold one using a lens. It is important to apply a minute amount of 
the assay as otherwise the bead may become too dark or opaque. If the colour of the bead is 
too faint, a repetition of the material take-up is possible. This stepwise take-up is a quicker 
way to success than the application of larger amounts at once! 


To cause a distinctive colour it is necessary to dissolve 2 to 3 weight % of the appropriate 
oxide of the element in a given bead for the elements W, Mn, and Fe. Approximately 1 to 0.5 
weight % of the oxide is sufficient for the elements Cu, Ni, V, U, Ti, Cr, and Ce. The test for 
cobalt is the most sensitive one, even 0.1% CoO causes a blue colour. 
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Generally the colour tint changes with the temperature because the absorption spectrum is 
shifted towards longer wavelength with increasing temperature. For this reason we see an 
increase of red, brown or yellow colours at high temperatures, but a decrease of the colour for 
blue and green on hot beads. 


It is very important to know what kind of flame to use for melting beads, an oxidizing flame 
or a reducing one. You should test that in the following way, no matter what heat source is 
used, a butane torch, a bunsen burner or a blowpipe flame. Dissolve a sufficient amount of 
ammonium molybdate in a borax bead. In a really pure oxidizing flame the hot bead is clear 
and pale yellow, it becomes colourless on cooling. Look for the colour of the hot bead 
immediately after its removal from the flame, holding it against a white background. Even 
small amounts of reducing gas in the flame will cause a brown colour. Reciprocally the 
reducing power of a flame can be tested by a borax bead doped with a sufficient amount of 
manganese oxide. After melting with an oxidizing flame this bead shows a reddish violet 
when cold. A real reducing flame more or less quickly changes this bead to a colourless one, 
due to the reduction of the manganese to the divalent state. If your butane torch produces only 
an oxidizing flame you may place the hot bead into the luminous part of a pocket lighter 
flame for reduction. 


Ambiguous results may occur if the assay contains several elements that render different 
colours to the beads. Nevertheless such coloration may give useful hints for further proofs by 
wet analysis. Especially mixtures of iron and copper, sometimes with nickel or cobalt are 
green in the hot stage; on cooling they change to various shades of yellow, green or blue, 
depending on the concentrations of the elements. Even a small amount of Co can be detected 
by an intensive reduction of such phosphate beads on charcoal with some tin chloride; the 
typical blue cobalt colour remains. - A blood red colour is caused on a phosphate bead in the 
reducing flame if iron-containing minerals of tungsten or titanium are tested. 


Generally the oxides of the following elements give no colour to the borax bead: the alkalis, 
the alkaline earth elements, aluminium, tin, zinc, zirconium, tantalum, niobium, scandium, 
yttrium, lanthanum, thorium and all rare earths, with the exception of cerium and mixtures of 
neodymium and praseodymium. The elements lead, antimony, cadmium, and bismuth give 
only a pale yellow colour to the hot bead, but the cold bead is colourless. Only bismuth is 
reducible by the reducing flame causing a gray colour. — The same is true for the phosphate 
beads, with some exceptions: here the elements Ta, Nb, Cd, Pb, Sb, and Bi turn a hot bead a 
very pale yellow if they are present at high concentrations, but the cold bead is colourless. In 
the reducing flame beads containing Pb, Sb, and Bi become gray, while Nb will cause a faint 
brown colour. Mixtures of neodynium and praseodymium give a very pale rose colour to any 
bead. - This information is only for anyone who is interested in the method, none of the faint 
colours described above can be taken as a distinct evidence for the presence of an element in 
the assay! 


Colour of the phosphate beads 


oxidizing flame element reducing flame 
hot cold hot cold 
yellowish green colourless Mo green green 
| pale yellow colourless W green blue | 
pale yellow colourless Ti yellow violet 
green green Cr green green 
| yellowish green yellow V green green | 
yellowish green greenish yellow U green green 
| yellowishbrown pale yellow Fe pale yellow colourless | 
green pale blue Cu colourless red 
| blue blue Co blue blue | 
brownish red yellow Ni brownish red yellow to gray 
violet violet Mn colourless colourless 
Colour of the borax beads 
oxidizing flame element reducing flame 
hot cold hot cold 
| pale yellow colourless Mo brown brown | 
pale yellow colourless W yellow yellow to brown 
| pale yellow colourless Ti grayish brownish-violet | 
orange pale yellow Ce colourless colourless 
yellow yellowish-green Cr green green 
| yellow yellowgreen V dirty green green | 
yellow to orange red yellow U pale green _ pale green to colourless 
yellow to orange red yellow Fe green pale green 
green blue Cu pale green Opaque red 
blue blue Co blue blue 
violet reddish-brown Ni Opaque gray Opaque gray 
violet reddish-violet Mn colourless colourless 


Flame coloration 


The compounds of certain elements are volatilized in a non-luminous flame, some of the 
volatile species impart characteristic colours to the flame. The colours observed by the flame 
test are summarized in the following table. Some extremely rare elements like indium, 
rubidium and caesium are not included. 


Colour of the flame Element 
Persistent golden yellow Sodium 
Violet Potassium | 
Carmine-red Lithium 
Brick-red to yellowish Calcium | 
Crimson Strontium 
Yellowish green Barium, molybdenum 
Green Boron, copper, thallium | 
Blue Lead,arsenic, antimony, bismuth, 


Blue-green Phosphates 
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Tests may be made in different ways: 


- A very small elongated fragment of the mineral can be held with clean stainless steel 
forceps. Take care that the flame touches only the mineral, not the forceps. 


- A minute quantity of the very finely powdered material is taken on a magnesia rod or a 
platinum wire loop: the rod or wire is heated till it gives no coloration, then it is moistened 
with pure water or hydrochloric acid, and its end is touched to the powdered material to take 
up some of the mineral, which is then introduced into the flame. It is possible to use a soft 
iron wire with a loop instead of the platinum wire. This device corrodes quickly, but due to 
the cheap iron wire it can be replaced from time to time. Usually the wire is contaminated 
with sodium. Therefore before use the loop is dipped into HCl and heated until the wire glows 
without producing the yellow sodium colour. 


- Oxides, carbonates and phosphates should be mixed with some HCl, the resulting slurry is 
again brought to the flame by a loop or the magnesia rod. Sulphates of the alkaline earth 
group give better results if they are previously glowed on charcoal. In this way they are at 
least partly reduced to alkaline earth sulphides which are soluble in HCl. Chlorides are the 
most volatile compounds, they should be used as far as possible. 


Especially sodium compounds cause a persistent golden-yellow flame which masks all 
other flame colours. Unfortunately this test for sodium is extremely sensitive, already an 
amount of 7 x 10° mg Na causes a distinctive yellow flame. It is possible to overcome this 
difficulty by viewing the flame through two thicknesses of cobalt glass, which masks the 
yellow sodium colour. Flame tests with the cobalt glass are used to detect the alkali and 
alkaline earth elements; but the colour of the flame is changed by the cobalt glass; this change 
is indicated by the table at the end of this section. Sometimes it is convenient to fix the cobalt 
glass to a spectacles frame by means of adhesive tape. If no cobalt glass is available it is 
possible to look at the flame through a bottle filled with a diluted solution of potassium 
permanganate. Again the yellow sodium colour is masked in this way, but the colours are 
slightly changed. It is recommended to gain experience by trials with known composition. 


Silicates should be tested for boron by fusion with a mixture of one part calcium fluoride 
with one and a half parts of ammonium hydrogen sulphate on a platinum or iron wire loop. 
Mixing of these chemicals should be done in the plastic lid of a tubule. In this way boron- 
containing minerals produce boron trifluoride, which is extremely volatile. Therefore a green 
colour is caused even if the loop is brought next to the flame without touching it. 


Another way to test silicates for alkali elements is to glow the finely powdered mineral with 
the same amount of gypsum. By this procedure calcium silicate and the appropriate alkali 
sulphates are formed. 


The flame colours of some elements mainly occurring as sulphides were already described 
in the section "heating on charcoal“. Since sulphides do not contain alkalis or alkaline earth 
elements it is useless to test them for such flame colorations on a magnesia rod or a loop! 


The colours are best seen in a dark room; since this is usually inconvenient a dark screen or 
charcoal as a background will be found advantageous. Flame tests should never be done in 
bright daylight. 
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Flame tests with cobalt glass 


Flame coloration Flame colour through cobalt glass Element 
olden-yellow 


alcium 
trontium 
ellowish green arium 


Fusibility 


The ease with which minerals fuse is of considerable assistance in their identification. 
Small elongated splinters about 1.5 mm in diameter should be employed in testing fusibility. 
The splinter should be held by forceps so that its end projects beyond the metal, only this end 
is held to the flame. Older textbooks recommend the use of platinum forceps, but it is possible 
to use stainless steel ones instead. Any remaining fused material at the tips can be removed by 
means of fine abrasive paper. The fusibility of a mineral is determined by comparing its 
fusibility with that of a fragment of comparable size from a scale suggested by Von Kobell. 


1. Stibnite Sb2S3 Fuses easily in the flame of a candle or a match.(525°C) 


2. Chalcopyrite CuFeS» Fuses rather slowly in a candle flame. A small fragment 
in a closed glass tube fuses at a full red heat.(~ 800°C) 


3. Almandine Fe3Ab(Si04)3 Fuses readily to a globule at the tip of an oxidizing flame 
of a butane torch. (~ 1050°C) 


4. Actinolite 


Caz(Mg,Fe)s(OH/SyOj1)2 Edges of a fragment are readily rounded by an oxidizing 
flame, only very fine splinters are fused to a globule. 
(~1200°C) 
5. Orthoclase KAISROxg The edges of a fragment are rounded with difficulty by 


an oxidizing flame. (~1300°C) 


6. Bronzite (Mg,Fe)Si0 3 Only the finest points and thinnest edges become 
rounded by an oxidizing flame. (~1400°C) 


Sometimes no fragments are available and the powder does not fuse in a closed glass tube 
at full red heat. In such cases the mineral is ground with some drops of water in an agate 
mortar, the pulp is spread on charcoal and first slowly heated to dryness, then intensively 
glowed. The cake thus formed can be picked up cautiously with the forceps, holding the rim 
of the cake to the flame. This procedure was already suggested by Berzelius. Of course it 
cannot be used for sulphide minerals, since such minerals would be decomposed by glowing 
on charcoal! 


Textbooks on mineralogy and mineral identification normally register the fusibility of 
minerals, unfortunately some recently published books have refrained from such _ hints. 
Anyway, in order to test the heat of the employed flame it is recommended to heat splinters of 
the standard minerals. Some iron-containing oxides are infusible in an oxidizing flame, but 
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are fusible with difficulty in a reducing flame, due to the reduction of iron to the divalent 
state; e.g. hematite or franklinite. 


The oxidation melt 


The finely powdered mineral is melted with a surplus of a mixture of soda and potassium 
nitrate (3 : 1). A magnesia furrow, a clay dish, a magnesia rod or a platinum wire loop may be 
used. 


In the presence of manganese the melt shows a green colour with a bluish tinge. This is due 
to the formation of sodium manganate NagMnO,. The melt can be dissolved in water, 
resulting in a green solution. On acidification with acetic acid this solution changes its colour 
to red and a brown sediment settles. After some time the red colour fades and a colourless 
solution with a brown sediment remains. The red colour is caused by the formation of the 
permanganate ion, the brown sediment is a disordered pyrolusite. 


The presence of chromium causes a yellow colour due to the formation of sodium chromate 
NazCrO4. The melt dissolves in diluted acetic acid; this yellow solution changes its colour to 
blue on the addition of hydrogen peroxide. The blue colour caused by chromium peroxide is 
very unstable, it quickly changes to green by the formation of trivalent chromium compounds. 


The wet part of both tests can be carried out also on a micro scale. To do this, the melt is 
moistened with a drop of distilled water. The liquid is soaked after some seconds by the end 
of a strip cut from white filter paper. One or two drops of diluted acetic acid are placed at the 
rim of the soaked solution. In the test for chromium then add a drop of hydrogen peroxide or a 
solution of sodium perborate. 


Both tests are rather sensitive, already a content of 0.2% of Cr or Mn of the tested matter is 
sufficient for a distinct coloration of the oxidizing melt. 


The ammonium hypophosphite fusion 


NH4H2PO>2, ammonium hypophosphite contains phosphorus in a positive monovalent state. 
On fusion it decomposes at a low temperature (~ 200°C) to a mixture of ortho phosphoric and 
meta phosphoric acid by the simultaneous formation of phosphine PH3, hydrogen and 
ammonia. Phosphine is a very strong reducing agent. Phosphoric acids decompose all 
silicates, carbonates and most oxides, except quartz. The melting with ammonium 
hypophosphite is a reducing fusion. For this reason it is useless to apply this assay for 
minerals of the sulphide group! 


You must proceed with great caution when using this reaction. The evolved phosphine is 
extremely poisonous, it is self-inflammable and burns with flames of up to 5 cm length to a 


white smoke of phosphorous pentoxide, which again is seriously toxic on aspiration. Never do 
such fusion in a room, unless a well-ventilated fume cupboard is available! The reaction may 
be done in the open air if a secure ventilation by a low wind is guaranteed. 


A pinch of the well-powdered mineral is mixed with half a teaspoon of the ammonium 
hypophosphite and placed in a clay dish or porcelain dish. Place the dish on a piece of 
charcoal or on glasswool. Heating is done by directing the flame of a butane torch towards the 
side of the vessel. The flame may be taken away till the burning of the melt stops. Finally the 
melt is heated again till a clear melt is formed. Sometimes a little precipitate is formed. 
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If the hot melt is blue, but changes its colour to a pale pink on cooling cobalt is present. 


If the melt stays blue on cooling, put some drops of water on the cool melt: 

- A violet colour indicates tungsten. 

- A pale pink colour which turns to orange-red on the addition of hydrogen peroxide or 
sodium perborate solution indicates titanium. 


Vanadium causes a reddish hot melt, it changes its colour on cooling to yellow and then to 
green. A small amount of water placed on the top of the cool melt becomes pale green, on 
addition of hydrogen peroxide the colour changes to a pale pink. 


Green melts are caused by uranium or chromium: add some water, separate the green 
solution by transferring to a test tube and add ammonium carbonate and hydrogen peroxide. 
A yellow-orange colour indicates uranium, but the green colour is lasting if only chromium is 
present. 


A reddish-brown colour of the melt indicates molybdenum, but this test does not work for 
molybdenite MoS,! 


A colourless melt with a white precipitate may contain Nb, columbium. Add some 
concentrated hydrochloric acid and some pieces of tin foil and heat again. The formation of a 
blue colour is a proof for Nb. 


The ammonium hypophosphite fusion test is not really a classical test, since it was 
introduced only in 1941 by American scientists. - Many pitfalls may arise in using it, since 
any easily reducible element may cause a dark colour, masking the above-mentioned colours. 
So arsenic, silver or tellurium cause a black colour, while black melts with a brown rim may 
occur in the presence of copper, bismuth or antimony. Yellow-brown melts are formed by 
minerals containing tin, lead or selenium. 


Some tests for anion forming elements 


The Hepar reaction for sulphur: 

Mix the finely powdered mineral with sodium carbonate and melt the mixture on charcoal. 
Any sulphur content, even the sulphate ion, is changed by this procedure at least partly to 
sodium sulphide. Now remove the melt from the charcoal by means of a knife and place the 
material with a drop of water on a clean silver surface. A black stain of silver sulphide is 
readily formed. It should be noted that the rare elements Te and Se also produce black 
staining. - To remove any stains on the silver, the surface should be cleaned by scouring with 
toothpaste. 


Test for sulphides: 

Put a small amount of the mineral in a test tube, add a piece of pure zinc and add 3 ml 
concentrated hydrochloric acid. On warming the mixture, hydrogen sulphide evolves; a white 
filter paper strip soaked with lead acetate solution turns black if it is placed on the open end of 
the test tube. This test works also for sulphides which are insoluble in HCl. As, Se and Te 


may also cause a coloration. Ensure good ventilation, hydrogen sulphide is very poisonous! - 
It is possible to prepare the lead acetate paper and to store it after drying in any air-tight vessel till use. 
Before use it should be moistened again. 
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Test for phosphorus by reduction with metallic magnesium: 

A small glass tube of 8 to 10 cm length is intensively heated at one end till the flame turns 
yellow, now the walls of the heated end are tweezed together by means of stainless steel 
forceps. Cool this closed end slowly by waving it to the flame and back, eventually by setting 
it down on charcoal. After complete cooling to room temperature place a piece of magnesium 
ribbon about 20 mm long into the tube next to the closed end, add a minute amount of the 
finely powdered mineral and tap the tube so as to bring the mineral powder as much as 
possible in contact with the magnesium metal. The mineral powder should be heated before to 
a low red glow on a magnesia furrow. Hold the tube with a clothes peg (spring-type) at the 
open end in a nearly horizontal position and heat the portion with the magnesium ribbon and 
mineral till the Mg ribbon is ignited. The use of goggles is recommended! Crack off the end 
of the hot tube by dipping it into water. The disagreeable odour of phosphine PH3, somewhat 
like the odour of garlic, is clear evidence for the presence of phosphorus in the mineral. The 
burning Mg reduces any phosphates and Mg3P> is formed, this compound reacts with water to 


PH3. Ensure good ventilation! 


Test for fluorine: 

The finely powdered mineral is mixed with 5 parts of sodium metaphosphate, transferred to 
a new test tube and some drops of water are added. Cotton wool is used to close loosely the 
open end of the test tube. On melting and prolonged heating hydrofluoric acid will be given 
off; it etches the glass. Some silicon tetrafluoride thus formed is decomposed by water vapour 
and forms a white tarnish of silica in the upper part. Etching and tarnish are best seen after the 
tube has been cooled and rinsed with water. The test tube should be discarded after use. This 
test is applicable only if fluorine is a main constituent. No clear results are achieved for very 
low F contents sometimes found in amphiboles and some micas. 


Test for boron: 

The mineral powder is mixed with some drops of concentrated sulfuric acid or some 
ammonium hydrogen sulphate and approx. 4 ml methanol in a test tube. On gentle heating the 
volatile trimethylester of boric acid is formed, this compound burns with a green colour if the 
methanol vapor is ignited. The test can also be made in a potter's clay dish. If no methanol is 
available it is possible to use ethanol instead. - This test is applicable only to minerals which 
are decomposed by sulfuric acid. Any hard minerals may be silicates, they should first be 
melted with the same amount of sodium carbonate on charcoal. The resulting bead is ground 
and melted with potassium hydrogen sulphate. This melt is wetted with some drops of water; 
dry carefully before adding H2SO4 and CH30H, followed by heating and ignition. 


Test for silicon: 

Approximately 0.4 g of the mineral powder is mixed with a quarter of this amount of 
calcium fluoride and placed in a plastic tube like that used for tablets in pharmaceutic use. 
One millilitre of concentrated sulfuric acid is added and the tube is closed with the plastic lid, 
in which a hole has previously been made by means of a hot nail. It is possible to use a sheet 
of lead with an appropriate hole instead of the plastic lid. The hole is covered with a wet black 
cotton fabric kept wet by placing some wet cotton wool on the lid. Now heat the lower part of 
the plastic tube gently by dipping it into hot water for 10 minutes. Any SiF4, evolved in the 
reaction of CaF, + H2SOz + silicate, is decomposed by the water according to the formula: 

3 SiF4 + 2 HO = SiO2 + 2 H)SiF.6. After opening the lid the black fabric should have turned 
white in the presence of any silicate in the tested mineral. 
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Treatment with cobalt nitrate 


This test was applied in the 19'" century for the identification of infusible and light-coloured 
pure oxides. Cobalt nitrate is converted to a black oxide on heating. But characteristic colours 
of mixed oxides are formed by strong heating, if an extremely finely powdered white metal 
oxide is wetted with the appropriate amount of cobalt nitrate solution. The reaction between 
the cobalt oxide and the tested metal oxide is a solid state reaction. It occurs readily only at 
high temperatures, and with extremely finely powdered metal oxides! Such fine powders are 
for instance sublimates on charcoal or precipitates yielded by wet processes. Ambiguous 
results are achieved by the application of the test to mixtures of oxides! Actually the method 
was only used to identify ZnO, AbO3 or MgO. 


Two types of a non-volatile white sublimate may occur on heating of the assayed matter on 
charcoal. Such sublimate is moistened with a 10% cobalt nitrate solution at the rim of the 
sublimate and again intensively heated. ZnO exhibits a clear green colour, it is best seen when 
cold. This mixed oxide is called Rinmann‘s green. If the sublimate is SnO2, only a bluish- 
green is achieved. Only careless workers apply this test to sublimates made up from Sb203, 
since this compound is volatile on further heating. Unfortunately Sb2O3 also forms a dirty 
green colour on glowing with cobalt solution. 


Carbonates can be transformed to oxides by intensively heating on charcoal, afterwards they 
may be treated with cobalt nitrate followed by glowing. Only MgO develops a colour in the 
pink to flesh-colour range, but SrO and CaO become gray. 


The deep blue colour of the oxide CoAbOs, resulting on glowing aluminium oxide with 
cobalt nitrate solution has sometimes been used as an artificial pigment. It is called Thenard’s 
blue. Its formation is a good test for Al, but it should be made only with the precipitate of 
aluminium hydroxide obtained by wet analysis. It was called Thenard*s bluff, instead of 
Thenard’s blue, by generations of students of chemistry who were frustated by their careless 
work. Namely, amorphous silica, zinc silicate or finely powdered quartz melts with CoO to a 
blue glass, which may be mistaken for Thenard’s blue. 


Just to illustrate the many pitfalls of the method described, some colours achieved by other light 
oxides are added here: violet may be caused by zirconium oxide or by the phosphate, borate or 
arsenate of magnesia; titanium oxide produces a green with a yellow tinge, and barium oxide exhibits 
a reddish brown. 


The charcoal-soda stick 


Most of the methods described were used in the early 20'" century by students of chemistry 
as preliminary tests in inorganic analysis. A Bunsen burner could be used as a heat source for 
nearly all tests, but there was one exception. For heating on charcoal a small hot flame is 
needed. Since no butane torch was available at that time, the use of a blowpipe was inevitable. 
Many students ran into difficulties when using that device, so they invented a surrogate. For 
the charcoal-soda stick a toothpick is dipped in molten natron. Don't use matches: they are 
impregnated with sodium phosphate. Natron has the formula NaxCO3 10 H20, it melts at 32°C 
by decomposing into a saturated solution of sodium carbonate and NagCO3 H2O. Now the 
front end of the stick is held into the oxidizing Bunsen flame till the wood is converted to 
charcoal soaked with sodium carbonate. If any glowing is observed after taking the stick out 
of the flame it should be immediately dipped into molten natron. The powdered mineral is 
mixed with two parts of molten natron, brought to the tip of the prepared stick, and is now 
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heated in the reducing part of a Bunsen burner flame till complete melting occurs. The stick is 
quickly removed from the flame and the front end is ground with some water in a mortar. Any 
remaining charcoal is carefully washed away, and this elutriation isolates any metal beads or 
metallic flakes. The use of a good lens is recommended. Iron, nickel or cobalt form magnetic 
flakes, they can be isolated by a magnet covered with a thin plastic foil. After being 
transferred to a piece of filter paper they are dissolved in diluted hydrochloric acid. Fe causes 
a brown, Ni a green, but Co a pink solution. Easily reducible metals like Pb, Sn, Bi, Sb and 
Ag form small globules, but Cu shows red flakes or a red spongy mass. - However, heating on 
charcoal is by far superior to the charcoal-soda stick, because it allows the observation of 
sublimates, as well as the typical flame colours. 


Heating with sodium thiosulphate 


Most metal oxides are converted to metal sulphides by melting with NaS2O3 10 HO, 
sodium thiosulphate. This method was used occasionally only in the 19" century, because 
many sulphides have a different colour from the appropriate oxides. 


The 1:1 mixture is heated together with a small amount of oxalic acid in a closed tube or a 
test tube in a slanted, nearly horizontal position in order to avoid the rinsing back of water. 
Sometimes sublimates occur. - The following colours may be observed. 


White: Zn / Red: Sb / Yellow: As or Cd / Green: Mn or Cr / Brown: Sn or Mo 
Black sulphides are formed by the elements: Fe, Co, Ni, Cu, Pb, Bi, Hg, Ag, U, and Au. 


Spot tests and the use of the wet separation process 


It is possible to determine the main constituents of many minerals by the classical tests 
described, but there are also some exceptions. For instance there is no simple and conclusive 
test for aluminium, magnesium, zirconium, and beryllium, especially in silicates. Sometimes 
there is an interest in minor or trace amounts of Ag, Au, As, U, or other elements in minerals 
or in mineral aggregates, in this case some of the classical methods may fail due to their low 
sensitivity. 


Many elements form typical colours with dye-stuffs and the sensitivity of such reactions is 
high enough to identify even trace amounts. But most of the used dyestuffs react with more 
than one element and the reacting ion must be present in an aqueous solution. Therefore the 
mineral must be dissolved in an acid; acid-insoluble minerals must be decomposed 
beforehand by an appropriate fusion process. In most cases, disturbing ions have to be 
removed by one or more subsequent precipitation processes, or the disturbing ion must be 
masked by a special reagent. Fortunately you need only very small volumes. Usually it is 
sufficient to add one drop of the dye solution to one drop of the solution to be tested for the 
element. Generally the typical colour change is best seen if the drops are combined on a white 
filter paper placed on glass or plastic. Such spot tests may be carried out also on spot plates or 
on a white glazed porcelain shard, but often the sensitivity is enhanced on filter paper due to 
capillary phenomena. The sensitivity may be enhanced again at a factor of two to ten by using 
dry filter paper impregnated with the dye or a special reactant. 


Test sticks are now available for many cations and anions showing semi-quantitative results 
by the coloration of different zones; they are the result of the further development of this 
technique during the last fifty years. Such test sticks are used predominantly in water analysis 
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and environment control, but they are too expensive for occasional use in mineral 
determination. 


Some tests require the use of strong acid or basic solutions which cause the decay or the 
swelling of any paper. Such reactions may be carried out in small test tubes, because looking 
along the axis of the tube the deepness of the coloration does not depend on the dilution of the 
solution. A high sensitivity is achieved sometimes by the fluorescence caused by ultraviolet 
radiation. 


The following text presents selected fusion processes for the different mineral groups and 
selected tests for different elements. 


The choice of fusion processes 


As already stressed, the first step in identifying a mineral is an accurate ocular inspection of 
the matter in order to determine colour, lustre, streak colour, hardness, cleavage, magnetic 
properties, and morphology, like re-entrant angles and other hints to twinning. A rough hint to 
higher density is only possible for bigger lumps and for densities in the range of 4 or higher. It 
is strongly recommended to note all observations throughout the whole determination 
procedure. - The system of mineralogy arranges the minerals in groups, depending on their 
chemical composition and structure. The type of fusion has to be chosen with respect to the 
chemical composition of the mineral, so it is very important first to gain information about the 
kind of mineral group. 


Some authors have published systematic tables for identifying mineral species by means of 
their physical properties and by simple chemical experiments. Only few people have used 
such tables more than once. There are several reasons for this. You have to follow strictly the 
path given by the scheme, but any erroneous estimation will lead to inconsistent results. 
Moreover any scheme will fail if two intergrown minerals are tested. A quicker result may be 
achieved by any somewhat experienced collector or geoscientist using a trial-and-error 
method. - Some hints are given here how to operate in this way. 


Presumption of sulphide minerals 
Minerals may belong to the sulphide group if they show a distinctive streak colour as well 


as a colour. (There are only two rare and unimportant exceptions among the more than 300 members 
of the sulphide group.) Such minerals should be tested using the classical tests in the open and 
closed tube and by heating on charcoal. If S, or As, or both are detected, the mineral is most 
probably a member of the sulphide group. (In rare cases arsenates, arsenites, sulphates, selenites or 
tellurites may be present.) The mineral can be dissolved by fusion in a test tube with a mixture 
of ammonium nitrate and ammonium chloride. Add some drops of dilute hydrochloric acid to 
atrive at a solution for further wet processing. 


Dissolution in hydrochloric acid 
Try to dissolve the mineral in hot hydrochloric acid, but act carefully with only tiny 


amounts if the mineral is black and produces a black streak colour. All oxides containing 
tetravalent manganese dissolve in hydrochloric acid, generating chlorine gas! The odour of 
this poisonous gas is pungent and a piece of wet iodide-starch paper becomes blue when held 
atop the open end of the tube. The formation of chlorine is avoided if oxalic acid is added to 
the hydrochloric acid. Also all iron oxides dissolve slowly in such a hot mixture of oxalic acid 
and hydrochloric acid, even magnetite. This method can be used to remove coatings of iron or 
manganese oxides from acid-insoluble minerals like quartz. 
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Any intensive effervescence of a mineral on dissolution points to carbonates, a test for 
carbon dioxide can be made by a drop of barium or calcium hydroxide solution on a glass rod. 


A turbid solution, a flocculent precipitate or the formation of a jelly points to acid soluble 
silicates. Boil the solution for some time till a white or yellowish precipitate is formed. 
Sometimes it is necessary to heat carefully till complete dryness; add concentrated HCl after 
cooling and boil again. Dilute with distilled water before filtration. Now isolate the precipitate 
by filtration and washing with water. Any silica precipitate is soluble in a hot NaOH solution. 


If a clear solution is obtained without effervescence and without the formation of hydrogen 
sulphide the mineral may belong to the following groups: phosphates or oxides/hydroxides or 
sulphates or chlorides/fluorides or borates or arsenites/arsenates or selenites/tellurites. 

Any white precipitate at least partly soluble on heating and crystallizing in tiny needles on 
cooling is presumably lead chloride; use a lens. 


= Tests should be made for P by flame coloration and by ignition with magnesium ribbon. 
With a few exceptions phosphates show a hardness lower than 6. 


= Sulphates are detected by the formation of a white precipitate of BaSO, on the addition of 
BaCb solution. The Hepar test may give further corroboration, especially for acid insoluble 
minerals. Hardness lower than 4. 


= Heat the mineral in a test tube with potassium or ammonium hydrogen sulphate. Any 
chlorides give HCl, a white smoke of NH4Cl is produced if a drop of ammonium hydroxide 
solution is held next to the open end of the tube by means of a glass rod or filter paper. 


= Test for fluorine by heating with sodium metaphosphate in a new tube, as already 
described. 


= Borates may be identified by the aforementioned tests for boron. 


= Test for As, Se or Te by the three classical methods: open and closed tubes, heating on 
charcoal. 


The mineral may belong to the oxide/hydroxide group if none of the aforementioned tests 
gives a positive result. By a strong and prolonged heating on charcoal hydroxides are 
converted to oxides at temperatures above 900°C. Test for any change with respect to colour, 
hardness and appearance after the glow process of a tiny fragment. But you have to bear in 
mind that many silicates and some oxides may also change their properties on strong heating! 
Some oxides may be reduced or partly reduced by glowing on charcoal. If there is any 
likelihood of this, you may gain further information by melting a mixture of the ground 
mineral with soda on charcoal. 


Presumption of silicates 
Most silicates show a hardness between 5 and 8, but there are many exceptions for 


phyllosilicates, especially clay minerals. Silicates show mostly a vitreous lustre, the streak 
colour is normally white, even dark-coloured species produce only grey or brownish streaks. 
Many neo-, soro-, and phyllo-silicates and all zeolites are decomposed by hydrochloric acid. 
The cold solution sometimes forms a jelly, sometimes flocculent silica is precipitated. How to 
proceed in such cases was already described above. - Because many silicates are not soluble 
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in hydrochloric acid, they have to be decomposed by a fusion process. There are several 
possibilities: 


- Melting of the mineral powder with the same amount of soda or a mixture of soda and 
potassium carbonate on charcoal. No complete fusion may be achieved for silicates containing 
zirconium, beryllium, or much aluminium or magnesium. Do not use too much soda, in such 
cases the sodium silicate is soaked up by the charcoal and the non-reducible metal oxides like 
magnesium or aluminium oxide form an infusible residue. 


- One part of the mineral powder is mixed with one part of soda and one part of borax; this 
mixture is melted on charcoal. 


Both fusion processes may lead to the reduction of reducible elements and therefore metallic 
beads, or flakes and sublimates may occur. - The soda or soda/borax beads have to be 
crushed and ground before dissolution in hydrochloric acid. 


- Any reduction can be avoided by dissolving the silicate in molten NaOH (Fp = 322°C) or, 
better, in a mixture of NaOH and KOH (Fp = 170°C). Unfortunately these melts are soaked 
up by charcoal and all easily available vessel materials except silver are attacked. However, 
you can melt the mineral powder with two flakes of both alkali hydroxides on a teaspoon 
made from stainless steel. Such a melt is contaminated with iron, chromium, and nickel. Work 
cautiously since the melt is aggressive to almost everything, use goggles, and wait till the melt 


is solidified and completely cooled before adding any water! The addition of water to the hot 


melt can spill the corrosive liquid due to the sudden evaporation of the water! Place the cold 
spoon with the melt in a small beaker and add some distilled water. After solution some 


brown floccules of iron hydroxide remain, add hydrochloric acid till an acidic reaction is 
assured by pH-paper. In most cases gelatinization occurs or floccules of silica are formed. 
Boil the diluted solution in a test tube till the silica settles on cooling. The filtrate can be used 
for further tests, but not for the identification of iron, chromium and nickel, since they are a 
contamination caused by the use of the stainless steel spoon in flux melting. 


Fusion with potassium hydrogen sulphate 

Acid-insoluble oxide minerals may be melted after intensive grinding with potassium 
hydrogen sulphate (1 : 8 ) in a test tube for some minutes (Fp = 300°C). Turn the test tube in a 
slanted position during the cooling of the melt; in this way you reach a larger surface of the 
melt. Dissolve the cold melt in water. Check carefully whether the mineral has dissolved 
completely. If the oxide contains any Nb, Ta, W, Sn or Zr, the white oxides of these elements 
remain undissolved; only the tungsten oxide is yellow. Such insoluble residue should be 
filtered and washed with dilute HCl. If ZrOz is present, also some TiO. may remain, but 
some Ti and all other dissolved elements will be found in the solution. - Tests for the elements 
Nb, W, Sn, and Zr in the filtered residue are described in the chapter on special tests for 
selected elements. 


A survey of fusion melts is given on the following page. 
- Carbonate melts convert all bivalent metals into carbonates; while aluminium, titanium, 
silicon and phosphates are converted to water soluble compounds: alkali aluminate NaAlO., 


sodium titanate Na,TiO., sodium silicate, alkali phosphate. 


- Adding KNO3 to carbonate melts cause oxidizing conditions; Cr and Mn are converted to 
water soluble chromate K2CrO4 and manganate K2MnOu, respectively. 
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- Adding potassium oxalate KyC2O, to a melt causes reducing conditions; the formation of 
chromate is prevented. This may be important, if a stainless steel teaspoon is used as the 
vessel. 


- The same as for carbonate melts holds true for alkali hydroxide melts, of course no 
carbonates are formed, but hydroxides and oxides of bivalent metals. Al, P, Pb, Si, Ti, V, W, 
and Zn compounds are converted to water soluble compounds. 


- Borate glass melts dissolve most minerals, with the exception of sulphides. The crushed 
glass can be dissolved in HCl. 


- The same is true for phosphate melts, but the silica is not dissolved in most cases. 


- Acid sulphate melts converts oxides and phosphates into sulphates and alkali phosphates. W, 
Sn, Nb, Ta, and Zr remain as oxides, acid insoluble silicates are not attacked. 


- The fusion with a mixture of ammonium chloride and ammonium nitrate is a neat substitute 
for aqua regia, a mixture of concentrated HCl and HNO3. It decomposes all minerals of the 
sulphide group, as well as acid soluble silicates and some oxides. The solid mixture is easier 


to store and to transport than the aggressive liquids. 


A survey of fusion melts 


Composition Melting point Vessel Fusion type 

Na2CO3 854°C charcoal, Pt carbonate 

K,CO; 901°C charcoal, Pt carbonate 

Na2CO3/K2CO3 710°C charcoal, Pt carbonate 

Na2CO3/KNO3 400°C magnesia furrow, carbonate, oxidizing 
Pt, porcelain 

Na2CO3/K2C,08 710°C stainless steel, carbonate, reducing 
charcoal 

Na2B4O7 borax 742°C charcoal, Pt, borate glass 
magnesia rod 

borax/soda =960°C charcoal, Pt,magnesia borate glass 

NaPO; 628°C magnesia rod, Pt phosphate glass 

NaOH 322°C stainless steel, Ag alkali hydroxide 

NaOH/KOH 170°C stainless steel, Ag alkali hydroxide 

KOH 404°C stainless steel, Ag alkali hydroxide 

KHSO, 210°C glass, Pt, porcelain acid, sulphate 

K28207 =300°C glass, Pt, porcelain acid, sulphate 

NH4HSO, 147°C glass, Pt, porcelain acid, sulphate 

NH4ClI/NHyNO3 =142°C glass, porcelain acid, chloride/nitrate 


(oxidizing) 
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Some hints about filtration 


Most wet analysis requires the separation of a solution and a precipitate or a remaining 
solid phase. In modern laboratories this is achieved by means of centrifugation, but good 
centrifuges are expensive. Moreover, such device can scarcely be used in the field. Therefore 
you have to rely on the old filtration method. Normally you have to fold the filter paper first 
to a half circle, and then again to a quarter circle. Now the cone is opened, one layer on one 
side, three layers on the other side. The cone is placed in the filter funnel and completely 
wetted with distilled water, any surplus of water in the cone is discarded. The use of filter 
paper with 55 mm diameter and a funnel with a top diameter of 35 mm is recommended. Use 
a moderately fine textured filter paper. For a quantitative analysis washing of the filter residue 
is neccessary and the washing liquid dilutes the filtrate. Since all quick assays are qualitative 
analysis it is mostly possible to proceed in a more simple way. 


1. If you need only the filtrate you may proceed in the usual way; after obtaining enough 
filtrate, discard the filter paper with the precipitate. Sometimes spot tests require only a filter 
paper soaked with the filtrate. In such cases you place atop the test tube a piece of filter paper 
larger than the open end and upon that the test paper. Now press a big rubber stopper against 
this double layer and turn the test tube upside down. Thus both papers are soaked. - 

In some cases it is possible to place a drop of the fusion slurry on filter paper, now turn the 
paper and place a drop of the reagent solution on the wetted spot. 


2. If only the precipitate is needed you may proceed in the usual way, discarding the filtrate 
and the washing liquid. For further handling the precipitate can be scratched from the filter 
cone by means of a spatula, or the cone is punctured and the precipitate washed down into a 
test tube. - Sometimes it is neccessary to gain the insoluble remains of a fusion melt, but the 
water soluble part is of no interest. No funnel is needed, place the crushed melt in the 
depression of a spot test plate, a clay dish or a watch glass. Treat with water, stir, and remove 
the washing water by soaking with filter paper, a paper towel, or kitchen paper. Repeat this 
operation at least four times. The soaking paper should be discarded. 


3. If the filtrate as well as the precipitate is needed, you must proceed in the usual way, but the 
washing liquid should be discarded. 


Remember quick assays work with small amounts, thus usually only small volumes of liquid 
are used; normally no more than 1 - 5 ml are to be filtrated. 
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II Special part 


In the following text some information is given about identification tests for the different 
elements. For most elements some remarks are added on the abundance and the distribution of 
the element within the geological cycle. Such information will be useful to anyone interested 
in minerals, since 99.3% of the crustal rocks are composed of only 12 chemical elements, 
namely O, Si, Al, Fe, Ca, Na, K, Mg, Ti, H, P, and Mn. The abundance of all other elements 
ranges within the order of some hundreds of ppm down to 0.001 ppb for the rarest elements. 
Remember one ppm = 10° applies to a gram per ton and one ppb = 10” means a milligram 
per ton. - The elements are arranged in the alphabetical order of their element symbols. 


Ag silver 


Silver is a rare element, it makes up only 0.1 ppm of the earth's crust. It is concentrated in 
hydrothermal veins, where it forms some of its own minerals such as proustite Ag3AsS3 and 
pyrargyrite Ag3SbS3. But the main amount of silver is incorporated in galenite PbS. 


Any silver content of a mineral enters the metallic bead formed on melting the mineral with 
soda on charcoal. It is recommended to transfer this bead to a clay dish and to melt it with 
borax with the oxidizing flame, if there is any likelihood that silver is present. Only silver and 
other noble metals like gold, platinum, and palladium will remain bead-shaped under such 
conditions. 


The following procedure may be used to detect trace amounts of silver in galenite, 
sphalerite or fahlore. 1 - 2 g of the finely powdered mineral is dissolved in 2 ml of 
concentrated nitric acid in a small porcelain crucible, a beaker or a test tube and the solution is 
boiled till a dry state is achieved. After complete cooling add 10 ml of water and some drops 
of nitric acid and boil again. Transfer this solution to a test tube. Put a piece of filter paper on 
top and upon that a dry piece of filter paper prepared with the saturated solution of 5-(4- 
dimethylaminobenzyliden)-rhodanine in acetone. Now press a rubber stopper larger than the 
open end of the tube against this arrangement and turn the test tube till both papers are wetted. 
A red colour of the test paper indicates the presence of Ag, Cu, Hg, Au, Pt, or Pd. If the 
colour is caused by Cu or Hg it will vanish on the addition of some drops of diluted HCI. 


Al aluminium 


Aluminium is one of the eight main elements of the earth's crust. Unfortunately there is no 
quick and simple assay for the detection of Al, especially in silicates. The following wet 
procedure may be used if necessary. 


A pinch of the powdered mineral and a pinch of potassium oxalate are melted with two 
flakes of NaOH on a stainless steel teaspoon. Only after complete cooling the spoon with the 
solid melt is placed in a plastic beaker. Add 5 ml water and warm gently for 5 minutes. This 
alkaline solution is filtrated using a plastic funnel. The filtrate should be dropped into a test 
tube with 5 ml of diluted HCl. The acid solution is boiled till a dry state is reached. Add 5 ml 
of water and a drop of diluted HCl. Put a piece of filter paper on the top of the test tube and 
upon that a dry paper which was previously freshly impregnated with a solution containing 
0.1% of the ammonium salt of aurintricarboxylic acid and 1% of ammonium carbonate. Now 
press a rubber stopper larger than the open end of the test tube against the paper and turn the 
test tube till both papers are wetted. Remove the upper paper and hold it for a time over an 
open bottle containing ammonia solution. The presence of Al is indicated by the formation of 
a red colour, which is best visible on the dried paper. 
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Another possibility is to place a drop of the above-mentioned filtrate of the alkaline 
solution on a spot test plate or a watch glass. Further, add a drop of a 0.1% solution of sodium 
alizarin sulfonate in water. Acetic acid is now added dropwise until the violet colour 
disappears, and then a further drop of acetic acid. A flocculent red precipitate appears in the 
presence of Al. A blank test should give no colour or only a faint pink. The blank test is 
necessary since NaOH may contain traces of Al. 


AS arsenic 


The arsenic content of the earth's crust is only 2 ppm. As may be present in sulphide 
minerals and in some gossan minerals. Any considerable content in sulphide minerals is easily 
detected by melting with soda on charcoal and by heating in an open tube. In gossan minerals 
arsenic mostly exists in the pentavalent state, thus no reaction is found by the open tube 
reaction. But it is detected in a closed tube if the mineral powder is mixed with soda and 
charcoal powder before heating. 


To detect even very small amounts of arsenic in minerals, the dissolved mineral is mixed 
with conc. HCl and tin chloride. On heating this mixture renders a black precipitate of As. 


Since arsenic is a very poisonous element, tests are sometimes needed for even trace 
amounts in different matter. Such sensitive tests mostly use the formation of the volatile 
arsine AsH by the action of nascent hydrogen. In acid solutions antimony interferes due to 
the formation of volatile SbH3. This is avoided by the reduction in alkaline solution. 
Arsenates do not react, they have to be reduced beforehand to the trivalent state by the 
addition of hydroxylamin sulphate or with tin chloride in a strong acid hydrochloric solution: 
Place 3ml of water in a normal test tube, add a flake of potassium hydroxide and some pure 
aluminium turnings or some crumpled pieces of aluminium foil. Loosely plug the tube with 
cotton wool and then place a piece of filter paper moistened with a 20% silver nitrate solution 
on the top of the tube. Warm the tube gently to produce a regular evolution of hydrogen. After 
2 to 5 minutes remove the filter paper and examine the paper that covered the tube for any 
coloration. Trace amounts of As in the reagents used may cause a faint brownish colour. Only 
now remove the cotton wool plug, add 1 ml of the test solution and replace the cotton wool 
plug with a new piece of the silver nitrate paper. Again produce hydrogen by gentle warming 
for the same time, then remove the paper and compare the two spots. The second spot will 
appear black if much arsenic is present. The black colour is due to metallic silver which is 
formed according to the formula AsH3 + 6 Ag* = As** + 6 Ag 

If only small amounts of arsenic are present the spot sometimes shows a yellow colour 
which is caused by the complex Ag3As 3AgNO3. - Only trivalent arsenic reacts, arsenates 


should be reduced beforehand! - Ensure good ventilation since arsine AsH; is very poisonous! 
Au_ gold 


Gold is well known to everybody, though it is one of the rarest elements of the earth's crust 
with a content of only 5 ppb. It occurs as a trace amount in the lattice of some sulphide 
minerals, especially in pyrite and chalcopyrite. Native gold is also found in small quantities in 
crystalline schists and in granitic rocks, mostly associated with quartz. It collects in the sands 
and gravels which have resulted from the disintegration of rocks and mountain masses that 
have contained gold. Placer deposits formed in this way gave rise to the famous gold rushes in 
the 19" century. Owing to its weak chemical affinity gold does not form very stable 
compounds in nature, only some rare tellurides are known as gold bearing minerals. Placer 
gold sometimes contains some silver and traces of copper and iron. 


Al 


Any sulphide ore may be dissolved by the fusion of a pinch of the powdered mineral with a 
surplus of the mixture of one part ammonium chloride with 2.5 parts of ammonium nitrate. 
The cooled melt is dissolved in some drops of hydrochloric acid. A drop of this solution is 
brought to a filter paper and a drop of a solution of SnCbk is added. A red colour indicates the 
presence of gold. 


Another procedure may be used in testing for gold in panning residues. Transfer the wet 
heavies into a glass jar or beaker and decant the water. Now add two pinches of calcium 
hypochlorite and 3 ml of hydrochloric acid and cover the vessel with a watchglass. Ensure 
good ventilation, since chlorine evolves due to the reaction HOCI + HCl = Ch + HO. The 
chlorine dissolves the native gold and soluble HAuCk is formed. Wait for 10 minutes, add 10 
ml of diluted HCl and shake cautiously. Now transfer some of the solution to a test tube and 
boil till no odour of chlorine remains. Some drops of a solution of SnCbh are now added to the 
cooled solution. The presence of gold is indicated by a purple colour due to a colloidal 
solution of gold, called purple of Cassius“. If there is only a tiny amount of gold the colour 
shows sometimes a bluish purple. Please refrain from weeping for joy in case of a positive 
reaction: this reaction is extremely sensitive. Already the 1/1000 part of a milligram of gold 
per millilitre causes a red colour. 

If no calcium hypochlorite is available it is possible to use chloride of lime CaOCb instead. 
The use of sodium hypochlorite solution is also possible. Such a solution is sold in some 
countries by pharmacies as "eau de javelle“ for bleaching and disinfection. - Gold can be 


dissolved also in bromine water. - Add_a_ surplus of solid sodium _ thiosulphate to any 
remaining solution in order to destroy any free chlorine or bromine! 


B_ boron 


The mean value for boron in the earth's crust is 3 ppm. In igneous and metamorphic rocks 
boron is mainly concentrated in the mineral tourmaline and in low amounts in micas. Silicates 
may be proved for boron by mixing the mineral powder thoroughly with three parts each of 
ammonium hydrogen sulphate and fluorite. The mixture is heated on a magnesia furrow with 
the oxidizing flame of a butane torch. The hydrofluoric acid liberated by the mixture attacks 
the mineral, forming volatile boron trifluoride BF3. This compound gives a green flame 
coloration, which is usually of only momentary duration. 


A test with turmeric paper may be used to screen water soluble or acid soluble minerals for 
any boron content. Turmeric paper is moistened with a dilute hydrochloric acid solution of the 
mineral, and then dried at 100°C on the outside of a test tube containing boiling water. In the 
presence of boron the paper assumes a reddish-brown colour, and this is changed to inky- 
black by moistening with ammonia. The test is only disturbed by ferric compounds, Ti, and 
Mo which cause a brown colour already in acid solution, but these elements are usually absent 
in minerals which are soluble in dilute hydrochloric acid. However, the brown colour 
produced by these compounds, unlike that due to boric acid, does not change to bluish black 
on the addition of alkali. 


Ba_ barium and Sr strontium 


Both alkaline earth elements are quite common in crustal rocks with 400 ppm Ba and 460 
ppm Sr. They are similar in their chemical behaviour, but most barium compounds are less 
soluble. The barium or strontium content of a mineral has to be converted to carbonate for an 
assay. This is done by the fusion of a 1:1 mixture with soda on charcoal or on a magnesia 
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furrow. Dark minerals should be fused with potassium carbonate instead of soda. The 
resulting bead or residue is treated with hot water in a clay dish or the depression of a spot test 
plate. The water is soaked off with filter paper. This procedure is repeated twice, the residue 
contains any barium or strontium as carbonate. 


To test the flame coloration this residue is dissolved with some drops of hydrochloric acid 
and the solution is brought to the flame by a platinum wire loop. Strontium chloride is more 
volatile than the barium compound. Sr produce a crimson colour, barium causes a yellowish 
green. It is not possible to detect minor amounts of Ba in this way, since the flame coloration 
can be seen only if at least 15 mg Ba are present per millilitre. The use of a spectroscope is 
recommended; Ba shows green lines at 524.2 nm and 513.7 nm, together with other green and 
red lines; Sr shows many red lines, an orange line at 604.5 nm and a blue one at 460.8 nm. 


In order to detect such minor amounts of barium the fusion residue is dissolved in hot 
acetic acid in a small test tube. Now add some solid sodium acetate and some drops of a 
concentrated potassium dichromate solution. A yellow precipitate of BaCrO,4 is formed if Ba 
is present. The hot mixture is filtrated into another test tube and some drops of a saturated 
solution of ammonium sulphate are added to the clear solution. The presence of Sr is 
indicated if any white precipitate of SrSO, is produced or a distinct turbidity is seen by 
looking into the tube in the axial direction. 


Be _ beryllium (French: glucinium) 


With 2 ppm in the earth's crust Be is one of the rarer elements. Beryl is the main occurring 
mineral, but many other minerals, especially silicates containing Be are known. - Any soluble 
Be-compounds are poisonous, they are formed by fusion reactions. 


The finely powdered mineral is mixed with the same amount of soda and transferred to 
charcoal. Moisten with one drop of water and melt the mixture. This melt is well ground and 
treated with a flake of NaOH and 3 ml water in a test tube for some minutes without heating. 
Add some drops of a freshly prepared solution of quinalizarin to the filtered solution. The 
violet colour changes to blue if Be or Mg is present. If only Mg is present this blue vanishes 
on the addition of bromine water. - To prepare the quinalizarin solution please touch some 
solid quinalizarin with a clean spatula, hold it vertical and dissolve the tiny amount adhering 
to the spatula in ammonia solution. - The bromine water is prepared in the following way. 
Dissolve a pinhead of potassium bromide KBr and a pinhead of potassium bromate KBrO3 in 
some drops of water in a normal test tube, add some drops of hydrochloric acid and close the 
tube by a cork stopper soaked with molten paraffin. Bromine is evolved by the reaction: 

BrO3; +5 Br + 6 H’ > 3 HO +3 Bry Now add some water and a spatula of solid sodium 


acetate. This preparation should be done only in a fume-cupboard or in open air if a good 


ventilation is ensured! To destroy any bromine add a spatula of sodium thiosulphate to the 
solution before discarding it. 


Grains or small fragments of beryl can be identified without fusion. They should be etched 
with hot NaOH solution in a test tube, washed with water, followed by boiling with an 
aqueous solution of quinalizarin. The surface of beryl achieves an intense blue colour. 


Bi bismuth 


With a value of only 0.2 ppm in the earth's crust bismuth is a rare element, but it is 
concentrated in sulphide ores and their oxidation products. 
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Any considerable amount of Bi produces a white to yellow zoned sublimate on charcoal by 
heating with an oxidizing flame. Only high amounts cause a brittle, reddish white bead on 
heating with soda. A 1:1 mixture of sulphur and potassium iodide is placed on the sublimate 
and ignited, followed by a short repeated application of the oxidizing flame. The sublimate 
changes its colour to red due to the formation of bismuth iodide. Any yellow sublimate 
occurring during this treatment points to the simultaneous presence of lead. 


Br bromine 


Bromine is only found in salt minerals or brines. Seawater contains approximately 65 ppm. 
Br is sometimes considerably enriched in salt lakes like the Dead Sea which contains 3 %. For 
a sensitive test, place some crystals of potassium permanganate and a small crystal of copper 
sulphate in a small beaker or on a spot test plate and add two drops of the slightly acidified 
solution to be tested. Warm this arrangement without boiling. Free bromine is liberated and 
will blue wetted iodide-starch paper placed atop the vessel. The test fails if more than traces 
of iodide are present. 


C_ carbon 


Carbonates are dissolved by hot diluted HCl in a test tube, calcite and aragonite already 
dissolve in the cold acid. To detect the CO, evolved by effervescence hold a glass rod with a 
drop of a saturated solution of Ba(OH)2 or Ca(OH)2 over the tube. A white colour of the drop 
indicates CO. The colour is best seen if the end of the glass rod is coloured black or red by 
coating with sealing wax. The CO3-content of some members of the scapolite series may not 
be detected by this method. 


Any organic matter is destroyed by heating to a mild red glow with access to air, graphite 
needs a somewhat higher temperature and diamond is oxidized only at temperatures beyond 
800° C. Carborundum SiC may be found sometimes in placer mineral concentrates after a 
century of intense industrial use of this mineral. It is not oxidized by oxygen even at high 
temperatures; but it is readily decomposed by the fusion with KOH on a stainless steel spoon 
with access to air: 

SiC + 4 KOH + 2 O> => K.Si03 + K»CO3 +2 H2O 


Ca_ calcium 


The presence of Ca in acid soluble minerals like zeolites or phosphates can be identified by 
the following procedure. Place a small grain on a microscopic slide and wet it with a drop of 
30% sulphuric acid. Now place a cover glass upon the grain. By means of a microscope or a 
good lens it is possible to observe the slow precipitation of gypsum; needles, twinned crystals 
and sometimes well shaped crystals are formed. In most cases the grain resembles the shape 
of a sea urchin after some time. 


Minerals which are insoluble in acids should be fused after grinding with soda 1:1 on 
charcoal. The residue is treated with hot water in a clay dish or on a spot plate. The liquid is 
soaked with filter paper. Treating with water and soaking off the dissolved matter is repeated 
twice. The remaining carbonate is dissolved with some drops of diluted HCI. If neither Sr or 
Ba is present, this solution imparts a yellowish-red colour to the flame if it is brought to it by 
a platinum wire loop or a magnesia rod. The use of a spectrometer is recommended: Ca 
produces a red line at 622 nm and a green one at 533 nm, both lines in an equal distant to the 


yellow sodium line if a prism spectrometer is used. - For a wet identification NH,OH is added 
to the solution of the carbonate in HCl. After filtration a part of the solution is tested for Ba 
and Sr by the addition of ammonium sulphate. If no precipitate occurs calcium oxalate is 
precipitated in the hot solution by the addition of ammonium oxalate. If Ba or Sr is present it 
is thrown down by the addition of some solid ammonium sulphate, now boil the solution and 
filtrate after some minutes. Again precipitate Ca as the oxalate in this filtrate. Mn, Co, and the 
rare earth interfere since they may produce a precipitate under these conditions as well. But 
the presence of Ca can be assured by dissolving the filtrated oxalate in HCl and looking for 
the flame coloration. 


Cd cadmium 


Cadmium is a rare element with an average content of 0.2 ppm in the earth crust. The main 
amount of Cd is isomorphically incorporated in zinc ores; e.g. sphalerite often contains | to 
0.1 % Cd. Nevertheless pure cadmium ores sometimes occur especially in veins of low 
hydrothermally formed deposits. 


Since Cd is more volatile than Zn any zinc ore should be treated first only shortly with a 
reducing flame on charcoal. In this way it is possible to detect even trace amounts of Cd by 
the typical darkbrown to yellow changing sublimate and the peacock-like iridescence of the 
outer part of the sublimate. Try the first assay with a small fragment only, and try again with a 
mixture of soda and charcoal powder if no clear result is achieved. 


Ce cerium, the rare earth elements, and Th _ thorium. 


Scandium, yttrium, lanthanium, and the 14 elements following lanthanium are known as 
the rare earth elements (REE). Only these 14 elements with the atomic numbers 58 to 71 are 
called lanthanides. All REE are very similar in their chemical properties and hence difficult to 
separate from each other. They are all trivalent, only cerium can achieve a tetravalent state. It 
should be mentioned that europium and samarium may enter the divalent state only under 
strongly reducing conditions, while praseodymium oxide enters the tetravalent state if it is 
glowed in the presence of air. Thorium is the first element of the actinide group. Its chemical 
behavior is very similar to the REE, though Th only occurs in the tetravalent state. The name 
REE is somewhat misleading: the average amount of cerium in the earth's crust is similar to 
copper (45 ppm), even the less abundant heavy lanthanides each reach about 1 ppm. However, 
a considerable part of the overall amount of the rare earth elements is incorporated as mixed 
crystal ions in some main rock-forming minerals such as micas, feldspars, and pyroxenes. - 
The REE and thorium also form special minerals, but these minerals are mostly disseminated 
as fine grains in plutonic rocks. Therefore useful mineral deposits are only found in 
pegmatites or as placer minerals. 


Two subgroups are divided, the cerium group with mainly Ce, La, Nd, Pr with the minerals 
monazite CePO,, allanite which is a member of the epidote group (sometimes called by the 
old name orthite), cerite is a Ce,Ca-silicate, fergusonite, samarskite and pyrochlore are oxides 
containing niobium, tantalum, and titanium; while bastnaesite and parisite are fluorine- 
containing carbonates. 


The yttrium group comprising Y and the heavier lanthanides are found especially in the 
minerals xenotime YPOu,, gadolinite which is a silicate containing Fe and Be, and in some 
oxides together with Nb, Ta, Ti, Fe, like euxenite and yttrotantalite. Many of these minerals 
also contain some Th or U. Any such trace amounts of Th and U are unfavourable because of 
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radiation safety conditions in plant processing. Florencite CeAk(OH)6(PO4)2 and other REE 
bearing minerals of the crandallite group are mainly associated with the weathering horizon of 
carbonatites. - Scandium is concentrated in Thortveitite (Sc,Y)2SiO7, a pegmatitic mineral 
and in bazzite, a Sc-analogue of Beryl. 


All rare earth elements and Th form oxalates which are insoluble in weak mineral acids if 
no alkali ions are present. In this way REE and Th can be separated and identified using the 
wet method. The following procedures may be used to obtain a solution appropriate for the 
oxalate precipitation. Finely powdered specimens should always be used. 


Carbonates/fluorides are heated with some drops of concentrated sulphuric acid till the 
formation of white vapours of sulphuric acid ceases. The test tube or clay dish used is 
somewhat etched by the formation of HF, but this does not matter. A drop of diluted HCl is 
added to the cooled substance, which is now dissolved in approximately 8 ml of distilled 
water. 


Phosphates are mixed with five parts of dry sodium carbonate and melted in a clay dish. 
The dish with this melt is transferred to a small beaker and boiled with 10 ml of water for 
some minutes. The residue is isolated by filtration and washed twice with hot water. The 
filtrate is discarded, it contains sodium phosphate and the surplus of sodium carbonate. The 
residue is dissolved in 2 ml of diluted HCl. 


Silicates_can be dissolved in a mixture of conc. HCl and conc. HNO3 in a test tube. 
Evaporate to a nearly dry state, add some drops of HCl and gain a clear solution by filtration. 
Already glowed silicates and bazzite are insoluble in aqua regia, they may be handled like 
phosphates. 


The clear solutions achieved in one of the ways described above can be used for oxalate 
precipitation, any turbid solutions should be filtrated beforehand. Now dilute this solution 
with twice the volume of distilled water and add some solid oxalic acid. Mix thoroughly and 


heat for some minutes without boiling. All rare earth elements and Th are precipitated as 
white oxalates, which should be isolated by filtration. 


Oxides like yttrotantalite and pyrochlore are mixed with eight parts of KHSO, and melted on 
a clay dish or on a magnesia furrow. The melt is dissolved in approx. 10 ml of cold water plus 
some drops of diluted HCl. Ammonia solution is now added till the well stirred solution gives 
a basic reaction. The precipitate is isolated by filtration and washed twice with water. A 
suspension of this precipitate is treated with a warm oxalic acid solution till only a white 
heavy precipitate of the REE oxalates remain. 


Special tests for different REE elements: 


- A part of the oxalates is carefully heated on a magnesia furrow to a low red glow. If more 
than 1% of Pr is present, a more or less brown colour is obtained. Pure CeO has a yellowish 
tinge, but most REE oxides are white. 


- Another part of the oxalate precipitate is dissolved in some drops of concentrated nitric acid. 
The solution is yellow only in the presence of Ce. This yellow colour vanishes on the addition 
of hydrogen peroxide. Now add some solid ammonium acetate and heat the solution. The 
formation of a brown suspension indicates the presence of cerium. 
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- Being radioactive, thorium may be detected using a Geiger counter if available. If not, some 
drops of potassium iodate solution are added to a part of the hydrochloric solution used for the 
precipitation of the oxalates. A white precipitate of Th(JO3)4 points to the presence of Th. 


- A content of La can be detected in the following way. Part of the oxalate precipitate is 
glowed on a magnesia furrow and then boiled with diluted acetic acid in a test tube. After 
filtration add some drops of a solution of iodine in potassium iodide solution. Now add 
ammonium hydroxide dropwise till the colour is only faintly brown. The presence of 
lanthanum is indicated by the formation of a blue solution or a blue precipitate on heating. 


Some lanthanide elements show strong absorption bands in the visible range. These are the 
elements neodymium, praseodymium, samarium, europium, dysprosium, holmium, erbium, 
and thulium. If a solution of these elements is held before the slit of a spectroscope directed 
towards a strong light, dark bands may be seen interrupting the continuous spectrum. The 
clear fusion solution may be used for this purpose. A small, cellphone-sized, portable 
spectroscope adapted for such inspection is still on sale at a price of approx. 360 €. Prominent 
absorption bands are located about the middle of the green, and on the border between yellow 
and red. 


For some decades now, there has been an increasingly brisk demand for many rare earth 
elements owing to a multitude of technical applications. Most spectacular was the rise of the 
price of gadolinium during the 1980s, due to its extreme neutron capture ability. 


Cl chlorine 


Seawater contains 1.9% chlorine. Only few rock forming minerals show Cl as a lattice 
element, like scapolite, sodalite or apatite; but fluid inclusions are mostly filled with chloride 
brines. Chlorine is often a member of minerals of the exogenic cycle. There are three rather 
sensitive tests for Cl.- Take care to avoid any contamination with sweat! 


- The fine ground mineral is mixed with the third part of copper oxide, wetted with distilled 
water to produce a slurry and now spread on charcoal. Blow gently with a fanning flame to 
dry the mixture, then heat the dry mixture as high as possible and watch the flame colour. 
Disregard any green colour, only an azure-blue colour indicates the presence of Cl! 


- The mineral powder is fused with KHSO, in a small test tube. The escaping HCl is 
indicated by the white fume of NH4Cl which is formed in the vicinity of a drop of ammonia 
solution held atop. A folded strip of filter paper may be placed on the rim of the test tube and 
wetted with the ammonia solution. 


- The mineral powder is mixed with some pyrolusite and heated with some drops of 
concentrated sulphuric acid in a test tube. Free chlorine is thus formed and a wetted iodine 
starch paper placed atop will change to blue. 


Chlorargyrite AgCl produces a positive result only with the first test. - Any bromides or 
iodides, with the exception of AgBr and AgI, produce a mixture of the free element and SO2 
on fusion with KHSO4. 
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Co cobalt 


With a content of 23 ppm in the earth's crust cobalt is a common element which is mainly 
found in sulphide ores. - Make a bead of NaPO3 on a magnesia rod. Take up some of the 
roasted mineral powder by the hot bead and glow intensively with the oxizing flame. The 
presence of cobalt is indicated by a smalt-blue colour, this colour changes towards violet if 
Mn or large amounts of Fe and Ni are present. 


Another assay can be made on a spot test plate. A pinhead of the mineral powder is 
dissolved in nitric acid in a depression and dried. Approximately the same amount of solid 
NH4gSCN ammonium thiocyanate and sodium thiosulphate is added and intensively rubbed 
with a glass rod. If Co is present a blue colour evolves; any Ni present will produce a greenish 
tinge. If a drop of distilled water is added, the colour vanishes, but returns on warming the 
mixture. 


Cr chromium 


The chromium content of 200 ppm in the earth's crust marks Cr as a very common 
element. It is largely removed from a magma in the early stage of crystallization as chromite 
FeCrmOxs, which is the main mined mineral. A considerable number of other Cr-bearing 
minerals are known, many of them show a peculiar green or red to pink colour. In minerals 
chromium is normally trivalent, it enters the hexavalent state only at high temperatures in an 
alkaline environment and in the presence of oxygen. Such natural conditions - for instance, 
burning bituminous limestones - are quite rare; therefore minerals containing the chromate ion 
CrO4” are also rare. 


Mostly Cr is changed to yellow sodium chromate NasCrO4 by the fusion of Cr bearing 
minerals with a mixture of soda and potassium nitrate on a magnesia furrow or a magnesia 
rod. The reaction was described already in the general part. If manganese is also present the 
melt is green. In such rare cases the melt is dissolved in a small beaker in a few millilitres of 
distilled water by boiling. Now acetic acid is added till the solution is acid and boiling is 
repeated. Wait till any precipitate has settled and pour the clear solution into a clay dish. Put a 
pinhead-sized crystal of lead acetate in this solution and stir with a small glass rod. Yellow 
lead chromate settles at the bottom. The precipitate is isolated by decanting the solution and 
washing once with water. By melting with sodium metaphosphate or microcosmic salt a green 
colour is achieved. 


Some silicates and oxides do not react with the molten soda-nitre mixture. Such minerals 
are melted beforehand with a surplus of a 1:1 mixture of soda + borax on charcoal. The 
powdered bead is molten with the same amount of nitre KNO3. - Spinel and pyrope coloured 
red by their Cr content turn opaque black on heating; during cooling the colour changes via 
yellowish green back to red. The same is true for silicates with a red colour due to the 
presence of Cr + Fe. Do not try this test with any valuable minerals or gems, the specimen 
may crack or stay opaque! 


Cs cesiumand Rb rubidium 
The amount of both alkali metals in the earth's crust is 1 ppm for Cs and 120 ppm for Rb. 


Due to its large ionic radius Cs is concentrated in pegmatites where the rare mineral pollucite 
(Cs,Na)zAbSyO;2H20 is sometimes found. The considerable amount of Rb enters the 
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position of the K* ion in feldspars and micas, in pegmatites, thus the ratio Rb/K is somewhat 
increased, but no minerals with Rb as a main constituent are formed. 


Both elements have to be identified by their flame emission spectra using a spectroscope: a 
red line at 789 nm and a violet one at 421.5 nm indicates Rb; Cs shows a blue line at 458 nm. 


Cu copper 


Nearly all copper minerals can be dissolved by melting with a mixture 1:2.5 of ammonium 
chloride and ammonium nitrate on a magnesia furrow. This melt is dissolved in a rather 
concentrated solution of ammonium carbonate, a deep blue colour indicates the presence of 
copper. Even small amounts are detected in this way if the solution is transferred to a small 
test tube; by looking in the axial direction from top to bottom the colour perception is 
independent of the height of the solution column. Identification is impaired by the presence of 
Ni, because Ni also causes a light-blue coloured solution with ammonium carbonate. To avoid 
any uncertainty some of the blue solution is brought to an acid reaction by acetic acid, and a 
solution of potassium ferrocyanide KyFe(CN). is added. A brown precipitate indicates the 
presence of copper. Zinc ferrocyanide paper may be used instead. 


It should be mentioned that many secondary copper minerals are soluble in ammonium 
carbonate solution, e.g. malachite, azurite, all basic sulphates, phosphates, chlorides, and the 
copper silicates chrysokolla and dioptase. The dissolution rate of Cu-silicates is enhanced by 
the addition of ammonia solution. 


F fluorine 


Fluorine is a very common element with 700 ppm in the earth's crust. In igneous rocks 
considerable amounts of F enter the position of OH ions, especially in micas, amphiboles and 
in apatite. Fluorite is an ubiquitous mineral in hydrothermal veins. 


A test for fluorine by heating with sodium phosphate was already described in the general 
part. - For another test, place 1 ml concentrated sulphuric acid in a new test tube, add some 
minute crystals of potassium chromate or potassium dichromate. On boiling, the mixture runs 
evenly over the glass surface. Only now a few grains of the mineral are added. On rotating the 
tube, an uneven flow of the sulphuric acid, with formation of unmoistened areas, indicates the 
presence of fluorine. Silicic and boric acid strongly diminish the sensitivity of the test. - The 
test tube can be further used for any other test after rinsing with plenty of water, but not for 
this test for F! Firstly pour off the cooled acid into plenty of water, then rinse the test tube! 


Fe iron 


Sulphides are molten with a 1 : 2.5 mixture of ammonium chloride and ammonium nitrate, 
oxides are molten with potassium hydrogen sulphate, but silicates have to be fused with the 
same amount of soda on charcoal. Any residue of the soda melt is dissolved in HCl, the other 
fusion melts are dissolved in water, and two drops of nitric acid are added. On the addition of 
potassium ferrocyanide KyFe(CN)¢ a blue precipitate is formed. - The test is impaired by 
fluoride ions, but sulphide minerals do not contain fluorine and any fusion with potassium 
hydrogen sulphate expels the HF. Therefore disturbance is only likely to occur if F-containing 
silicates are tested for Fe, e.g. amphiboles. In such rare cases the residue of the soda melt may 
be fused with potassium hydrogen sulphate before dissolution in water. 
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In minerals iron may enter the bivalent state called ferrous iron, as well as the trivalent state 
called ferric iron. If both ions Fe** and Fe** are present in the same lattice of an oxide or a 
silicate, the crystal assumes a dark to black colour; such minerals are called mafic minerals, 
e.g. biotite, magnetite, augite, and many amphiboles. The presence of ferrous iron in a mineral 
can be detected in the following way. Mix the finely powdered mineral with three times its 
volume with dry sodium tetraborate Na,B4O7 in a large closed glass tube and fuse the 
mixture. While hot, crack the glass containing the fusion by touching it with drops of water, 
break off the end, and transfer to a test tube containing 3 ml concentrated HCI. Boil for about 
a minute, then dilute with 5 ml water. Divide the solution into two parts and test one for 
ferrous iron with a solution of the red salt of potassium ferricyanide K3Fe(CN)6. A blue 
precipitate of Turnbulls blue is decisive for Fe**. The other part may be tested for Fe** with a 
solution of the yellow salt of potassium ferrocyanide K4Fe(CN)¢; this blue precipitate is called 
Prussian blue.- The tests are very decisive, any oxidation resulting from contact with air 
during the fusion and the dissolution, which cannot be wholly avoided, are so trifling that 
practically they may be disregarded. 


Hg mercury 


The mercury content of the earth's crust is 0.5 ppm, the native element and HgS cinnabarite 
is found in hydrothermal deposits of very low temperature origin. Small amounts of Hg are 
incorporated in some sulphides containing Sb and As. 


Any considerable Hg content can be detected by heating the mineral powder with six parts 
potassium oxalate in a closed tube. Metallic mercury is deposited at the cold parts, use a lens 
for observation. The sensitivity of this test is considerably enhanced if you put a tiny piece of 
gold foil adhering to an iron wire in the upper part of the closed tube. The yellow colour of 
the gold is turned white by any mercury vapour formed during the heating. 


To detect even traces of Hg the mineral is fused with an 1 : 2.5 mixture of ammonium 
chloride and ammonium nitrate and this melt is dissolved with a small amount of water. 
Disregard any white precipitate. Now a small piece of aluminium foil is rubbed partly with a 
fine abrasive paper, washed with distilled water and etched with concentrated NaOH on a 
watchglass until a uniform evolution of hydrogen occurs at the roughened place. After rinsing 
with water and rubbing with a piece of cotton wool moistened slightly with very diluted 
NaOH, the foil is dried. A drop of the test solution is placed on the prepared aluminium foil, 
after 5 minutes the liquid is taken up with filter paper. After some minutes, a white growth of 
aluminum hydroxide appears on the foil if mercury is present. 


I iodine 


Seawater contains 0.05 ppm iodine, higher amounts are sometimes found in salt lakes and 
brines. Small amounts may occur in volcanic exhalations. NaIO3 sodium iodate and NalO, 
sodium periodate were reported from the sodium nitrate deposits of the Atacama Desert in 
Chile. Considerable amounts of iodine compounds are incorporated into organisms.- 


A pinch of starch is mixed with cold water, this suspension is poured into 200 ml boiling 
water. Soak filter paper with the cooled solution and dry it. Such prepared paper is treated in 
succession with single drops of diluted acetic acid, test solution, and diluted solution of 
potassium nitrite. A blue spot or ring shows the presence of iodine, due to the reaction: 

2 HI + 2 HNO2 =I + 2NO+2 HO 
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K potassium 


Acid soluble minerals are brought to the flame as a slurry with concentrated hydrochloric 
acid with the magnesia rod or the platinum wire loop. Use a cobalt glass. A violet flame 
indicates K, but any Li impairs the detection. 


Acid insoluble silicates are mixed with the same amount of CaF) and a drop of 
concentrated sulphuric acid, this slurry is taken up with the Pt wire loop. The use of a 
spectroscope is recommended, a double red line at 766 nm and 770 nm indicates K. 


For a wet method the mineral is mixed with the same amounts of soda and borax, and 
molten to a clear bead on charcoal or a platinum wire loop. This bead is dissolved in a small 
amount of diluted HCl. A drop of the clear solution or the filtrate is placed on a microscopic 
slide and treated with a minute amount of solid sodium cobaltinitrite Na;Co(NO2)s. A yellow 
precipitate or a turbidity indicates the presence of potassium. Unfortunately, much lithium 
may also produce a precipitate! 


Li lithium 


With a 30 ppm content in the earth's crust lithium is not a rare element. Due to its small 
ionic radius Li is only partly incorporated in the lattice of rock forming minerals where it 
enters the lattice position otherwise filled by magnesium. Remaining amounts in the magma 
form individual minerals like lepidolite, spodumene, amblygonite, and petalite in some 
pegmatites. 


Lithium chloride is the most volatile of all alkali and earth alkali chlorides. The immediate 
formation of a carmine red colour on the border of the flame is characteristic for the presence 
of lithium. If sodium is present the flame should be observed through a cobalt glass. 
Phosphates can be wetted with concentrated HCl and then tested for the flame coloration, in 
such cases the pale blue-green colour typical for phosphoric acid is observed simultaneously. 


Acid insoluble silicates should be tested after mixing with calcium fluoride and 
concentrated sulphuric acid. - It is another possibility to mix the mineral powder with BaCh 
and to melt this mixture on a platinum wire loop, the red colour of Li will appear only at the 
tip of the flame. - Normally the use of a spectroscope is not necessary; Li causes a red line at 
670.8 nm. 


Mg magnesium 


Admittedly, the identification of low amounts of Mg in minerals by means of a quick assay 
is a difficult task. A lot of elements disturb almost any test, these elements have to be 
separated by precipitation at first. Nevertheless there are two reactions which might fit at least 
for some frequent Mg-minerals. 


- Diphenylcarbazide is a dyestuff which gives a deep red-violet coloration to magnesium 
hydroxide. Many other elements also react with the reagent, therefore the reaction is done as a 
staining reaction on the solid sample. Only more or less white minerals can be used, e.g. 
carbonates, oxides, phosphates. An alcoholic solution of diphenylcarbazide is prepared: three 
pinches of diphenylcarbazide are dissolved in 5 ml ethanol and 1 ml of water and a flake of 
NaOH is added. The solution can be stored in a plastic bottle for some weeks. Two drops each 
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of this solution are placed in two depressions of a spot test plate. Now the test plate is slightly 
warmed and a pin-head sized sample is placed in each depression. One of the mineral 
specimens has previously been heated to a red glow while held by a forceps. After 5 minutes 
the solution is soaked away with filter paper and replaced by hot water, and this method of 
washing is continued till no more colouring matter goes into the water. Magnesite and slightly 
soluble minerals like brucite are stained red-violet. Dolomite and other carbonates bearing 
considerable Mg are stained only if they have been preheated. 


- White silicates like chrysotile and talc are mixed with sodium carbonate and potassium 
carbonate and fused on a platinum wire loop. The bead is dissolved in hydrochloric acid on a 
spot plate or a clay dish and a drop of NaOH is added. Now add a drop of the following 
solution: a tiny amount of p-nitrobenzeneazo-Q-naphtol is dissolved in 10 ml water together 
with 3 flakes KOH. A blue precipitate or colour, compared with a blank, indicates 
magnesium. Bear in mind that aluminium and iron seriously interfere with this test. 


A somewhat laborious method can be used for mafic minerals. Acid soluble minerals are 
dissolved in concentrated HCI; acid insoluble minerals are molten with a flake each of NaOH 
and KOH on a stainless steel spoon. Only after complete cooling the solid melt is dissolved 
with as little water as possible, any remnants sticking to the spoon are dissolved with nitric 
acid. All liquids are combined and 1 ml conc. HCl and a drop of diluted sulphuric acid are 
added. Now add a pinch of solid ammonium chloride and ammonia solution till a basic 
reaction is assured. Dissolve half a pinch each of solid sodium sulphide and ammonium 
carbonate in this solution and boil it. From the hot filtrate of this mixture Mg is precipitated 
by adding some drops of an ammonia solution and a hot solution of NHsNaHPO, 
(microcosmic salt). A crystalline, quick settling precipitate of struvite NH;MgPO,4x6H,O 
indicates magnesium. The precipitate is insoluble in conc. NH,OH and should not be coloured 
brown by the addition of hydrogen peroxide. 


Mn manganese 


With 1% of the earth's crust manganese is a very common element. In igneous rocks Mr’* 
mostly replaces ferrous iron. Under surface conditions it enters quickly the tri- and tetravalent 
charge and insoluble oxides are formed. 


The mineral powder is mixed with 4 parts of soda and | part of KNO3. Melt this mixture on 
a clay dish. A green to blue-green colour indicates Mn; the test is very sensitive, there is no 
disturbance by Cr, which turns to chromate by this oxidation melt. Add some water and pour 
the green liquid into a small test tube. On acidifying with acetic acid the solution turns violet 
due to the formation of permanganate, simultaneously brown flocculi of MnQOz settle. After 
some time the violet colour ceases and the brown precipitation increases. If any Cr is present, 
the remaining liquid shows a yellow colour. 


Black manganese oxides are easily dissolved by sulphurous acid HSO3. The black streak 
of such oxides on a streak plate is wetted with a drop of HCl and a very small crystal of 
sodium thiosulphate is added. The black streak vanishes almost immediately. 
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Mo molybdenum 


Molybdenum is a rare element, the average amount in the earth's crust being | ppm. The 
most frequent molydenum-containing mineral is molydenite MoSg, it is easily identified by its 
low hardness, its high lustre and the colour. A flake held to the oxidizing flame imparts a 
yellow-green colour to it. Molydenite dissolves in hot concentrated nitric acid; it is also 
possible to dissolve it by melting with a mixture of ammonium chloride with ammonium 
nitrate. 


Other Mo-minerals like molybdates may be dissolved in the same way. For further 
identification a drop of the test solution and a drop of ammonium thiocyanate solution are 
placed on filter paper previously moistened with dilute hydrochloric acid. Only in the 
presence of iron does a red fleck appear which disappears on adding two drops of stannous 
chloride solution. In its place a brick-red colour of the Mo(III)-thiocyanate complex appears, 
if Mo is present. The stannous chloride solution is prepared by dissolving a pinch of SnCb in 
1 ml concentrated HCl and adding 2 ml water. 


Na_ sodium 


The yellow flame coloration of sodium is extremely sensitive, only a longlasting intense 
yellow flame colour indicates a reasonable amount of Na. - Acid insoluble silicates are mixed 
with CaF, and a drop of concentrated sulphuric acid or ammonium hydrogen sulphate for the 
flame test. 


Nb niobium, also called columbium, and Ta tantalum 


The average amounts in the earth's crust are 24 ppm Nb and 2 ppm Ta. Both elements are 
almost invariably associated, because they are isomorphous with one another, and _ their 
chemical behaviour is very similar. However, the Nb/Ta ratio may vary in a wide range in 
different deposits. They are found in granite pegmatites constituting the acid-forming 
elements in some oxides, like columbite, fergusonite, samarskite, and euxenite. Pyrochlore is 
often associated with carbonatites. All these minerals have a hardness of = 6, the streak colour 
is brown to black. Other lattice elements are Fe, Mn, Ti, and very often Y, Sn, U, and Th. 
Moreover, niobium is occasionally found in some silicate minerals in nepheline syenites, e.g. 
eudialyte.- Ores containing columbite/tantalite are sometimes called “coltan” in Africa. 


Oxides are fused with 8 parts of potassium hydrogen sulphate in a test tube. When the 
decomposition is complete, as shown by the disappearance of black particles, the tube is 
inclined and turned while cooling, causing the melt to solidify as a thin crust on its sides. In 
this way it is more readily dissolved on subsequent treatment with cold water, which requires 
considerable time. The white residue of niobic and tantalic oxides is collected on a filter and 
washed with diluted HCl, followed by washing with water and finally with ammonia solution. 
A portion of this residue is boiled in a test tube with conc. HCl and granulated tin, a blue 
colour indicates Nb. If much Nb is present the blue colour remains if water is added, if the 
colour fades, only traces of Nb are present. In such cases the mineral may contain mainly Ta. 
- Some textbooks call the fading of the blue on the addition of water a test for Ta; in fact it is 
not possible to reduce Ta oxide in this way. But indeed minerals containing Ta mostly also 
have some traces of Nb. - 


Silicates must be fused with the fivefold amount of borax on a magnesia rod. Make two or 
three beads and, with a hammer blow, crush the beads together with the broken tips of the 
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magnesia rods, wrapped in paper. This powder is dissolved with 2 ml concentrated HCl in a 
test tube till the solution is nearly clear; of course the magnesia rod pieces will remain. If Nb 
is present, a blue colour will appear on the addition of tin to the boiling solution. If Ti is 
present as well as Nb, the colour turns violet first and later blue. 


White Nb2Os can be converted quickly into the dark brown Nb203 with a reducing flame. 
This change in colour is best observed if a water suspension of the filter residue is dried on 
the margin of a magnesia furrow and then heated strongly. The flame is then directed on the 
mass in such fashion that the inner, reducing cone impinges on the solid. The darkening is 
easily seen with even small particles; it disappears completely or at least partially when the 
flame is taken away because contact with the air brings about reoxidation. 


Ni nickel 


80 ppm Ni in the earth's crust mark nickel as a common element. The divalent element is 
concentrated in orthomagmatically formed sulphide ores such as pentlandite and pyrrhotite as 
well as in hydrothermal veins where Ni is often associated with arsenic and cobalt. Some 
amount is incorporated by silicates like olivine. On weathering Ni-silicates such as garnierite 
are formed. 


Fuse the mineral with a mixture | : 2.5 of ammonium chloride and ammonium nitrate in a 
small test tube, after cooling add some ammonia solution. Disregard any white turbidity or a 
brown precipitate. A drop of this solution is placed on a dry strip of filter paper impregnated 
with an alcoholic solution of dimethylglyoxime. The paper is then immersed in a bath of 
dilute ammonia, and kept in gentle motion. A red fleck indicates the presence of Ni. In the 
presence of much Mn the paper turns brown, in this case the test is repeated using ammonium 
carbonate as the bath liquid. - Use a slightly warmed, saturated solution of dimethylglyoxime 
in acetone or a 1% solution in alcohol to impregnate the paper. 


P_ phosphorus 


When heated with the oxidizing flame many phosphates impart a pale bluish-green colour 
to the flame, while others show the reaction only if moistened with concentrated sulphuric 
acid or ammonium hydrogen sulphate solution and then heated. The colour is not very marked 
and may be masked by other elements which produce a flame colour. 


The test already described by the reduction with metallic magnesium is rather sensitive; the 
mineral powder used for this test should first be heated to a low red glow on a magnesia 
furrow. This expels any water and OH content that might impair reduction. 


For a wet indication dissolve a pinhead-sized amount of the mineral in a test tube by 
melting with ammonium hydrogen sulphate. After cooling add some distilled water. Now 
prepare a solution of a pinhead-sized ammonium molybdate in 5 ml diluted nitric acid and add 
some drops of the test solution at room temperature. A yellow precipitate indicates the 
presence of phosphoric acid, it usually takes some minutes to form the precipitate! If arsenates 
are present they will form a yellow precipitate if the solution is warmed! Silicic acid produces 
a yellow colour. 
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Pb lead 


The earth's crust contains 15 ppm Pb. Lead minerals are mainly found in hydrothermal 
veins where galena PbS is an ubiquitous mineral. A lot of other lead minerals are formed in 
the oxidation zone of hydrothermal deposits. Lead is divalent in minerals with the exception 
of plattnerite PbO2. 


If Pb is a main constituent, it is easily detected by heating a 1 : | mixture of the mineral 
with soda on charcoal, an addition of charcoal powder or potassium oxalate is recommended. 


For a wet indication dissolve a tiny amount of the mineral in diluted nitric acid or melt it 
with a mixture of ammonium nitrate and ammonium chloride on a magnesia furrow. Add a 
tiny amount of KJ potassium iodide to the solution or the moistened melt. The yellow colour 
of PbJ2 indicates lead. - Cerussite PbCO3 is coloured yellow if it is wetted first with a 
saturated solution of oxalic acid and then, after a minute, with potassium iodide solution. 


If a piece of pyromorphite PbsCl(PO4)3 is heated on charcoal it melts easily, on cooling it 
crystallizes to a facetted sphere. The name of the mineral is due to this effect. Mostly the 
charcoal assumes a thin white coating of PbCb. 


Pt platinum and the platinum group elements 


Ruthenium Ru, rhodium Rh, and palladium Pd, are called the light platinum elements, 
while osmium Os, iridium Ir, and platinum Pt are the heavy platinum elements. They are very 
rare with a content of 0.01 ppm Pd, 0.005 ppm Pt, and only 0.001 ppm each for the other 
elements of this group in the earth's crust. The elements are mainly disseminated in 
orthomagmatic basic and ultrabasic igneous rocks as elements, only Pt occurs sometimes as 
sperrylite PtAs). Mineable deposits are preferably alluvial placer deposits. 


Platinum and palladium are readily dissolved by a mixture of concentrated HNO3 + HCl, 
but there is no attack by any acid for rhodium, iridium and alloys with much osmium + 
iridium. - Ru and Os are dissolved by a melt of KOH and KNO; forming green and violet 
compounds, respectively. Rhodium is dissolved slowly by potassium pyrosulphate at a red 
glow only. 


Chloride solutions of platinum form yellow crystals of (NH4)2PtCk on the addition of 
NH,Cl. On microscopic observation the crystals show the morphology of octahedra. The test 
is not very sensitive, since the solubility of the precipitate is 1:100. 


Platinum salts, like those of gold, palladium and osmium, in acid solution, are reduced to 
the metal by stannous chloride. This can be used for a screening test: a drop of the solution is 
placed on filter paper and a drop of stannous chloride SnCbk in strong hydrochloric acid is 
placed upon it. Any stain indicates the presence of the above mentioned noble metals, only As 
and Sb may produce a stain, too. If the result is positive, you may proceed in the following 
way. 


For a sensitive Pt-test the solution is made basic with ammonia and some oxalic acid is 
added. On gentle warming any gold salts are reduced to the metal. Now combine a clear drop 
of this solution with a drop of potassium iodide; a brown-red colour indicates the presence of 
platinum. 
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For a sensitive test for palladium, filter paper is bathed in a cold saturated alcohol solution 
of dimethylglyoxime. After drying, the paper is placed in a concentrated solution of a nickel 
salt that has been made barely ammoniacal; red nickel dimethylglyoxime precipitates. After 
thorough washing with water, the paper is bathed briefly in alcohol and dried. Now add some 
solid sodium acetate to the test solution and place a drop of it on the red paper. After gentle 
drying bathe the red paper in dilute HCl until the surface surrounding the drop position 
becomes white. Then wash the paper in cold water. A pink to red spot remains, depending on 
the quantity of palladium present. - Palladium and palladium alloys produce a brown-black 
stain if a drop of an alcoholic solution of iodine is placed on the metal surface and allowed to 
evaporate in the air. The staining withstands washing with alcohol, the stain disappears on 
heating to redness. No stain is given by platinum, but any silver in the alloy may produce a 
yellow stain which is readily dissolved by a concentrated solution of sodium thiosulphate. 


S_ sulphur 


At least part of any sulphur in a mineral is converted to sodium sulphide by melting a 
mixture of the mineral powder with soda on charcoal. Add some charcoal powder if sulphates 
are tested. The bead is treated with two drops of water on a clean sheet of silver. A black stain 
of silver sulphide indicates the presence of sulphur, but Se and Te may give the same result. - 
Place a drop of the dissolved bead on filter paper and add a drop of a diluted solution of 
NagFe(CN)sNO sodium nitroprusside. A violet colour indicates the presence of sulphur, Se 
and Te do not interfere. 


Acid soluble exogenic sulphate minerals are dissolved in HCI, the solution is filtrated and 
BaCb solution is added. A white precipitate sometimes only forms after the inner wall of the 
test tube has been rubbed with a glass rod; it indicates the presence of the sulphate ion SO4~. 
Barite and celestine should be molten with a surplus of soda on a stainless steel teaspoon, this 
melt is dissolved in water. After filtration this solution is acidified with HCl and then again 
barium chloride solution is added. - On melting the following reaction has occurred: BaSO, + 
NaoCO;3 = NaoSOu + BaCO3 : 


- Yellow native sulphur is easily detected by touching with the flame, a brown melt is formed 
which burns to SO? with its typical pungent odour. 


The presence of acid insoluble sulphide minerals may be detected in the following way. 
Some mineral powder is mixed with diluted HCl in a test tube. Add a piece of zinc and warm 
gently. A small amount of hydrogen sulphide 1bS is formed together with the hydrogen. This 
is detected by the blackening of a wet lead acetate paper held atop. 


Sb antimony 


Antimony is a rare element with a 0.2 ppm content in the earth's crust. It is mostly 
concentrated in hydrothermal veins of low temperature origin, often as stibnite Sb2S3. 


Most antimony compounds, when heated on charcoal in the oxidizing flame, yield a dense 
white sublimate of Sb2O3. It is deposited quite near to the heated part and it is volatile. This 
sublimate may be deposited on a cover glass placed on the charcoal at an appropriate place. 
This cover glass plus sublimate can be used for the following tests: 
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- Dissolve the white sublimate by a drop of diluted HCl and place this drop on a clean sheet 
of silver. Add a piece of granulated tin to the liquid, a black spot of metallic Sb forms on the 
silver. 


- The white sublimate turns to red by heating with solid sodium thiosulphate in a test tube. 
Use a broken piece of the cover glass and a small amount of the sodium thiosulphate. Put 
cotton wool into the upper part of the test tube and heat in a nearly horizontal inclination, a lot 
of water is given off at first. 


Many sulphantimonites produce a characteristic sublimate of the oxysulphide of antimony 
Sb2S20 only on a rather intense heat in a closed tube. It appears black when hot, but changes 
on cooling to a reddish-brown. 


Se selenium 


The amount of selenium in the earth's crust is only 0.09 ppm. Selenium occurs mostly 
together with sulphides in hydrothermal veins, selenites and selenates within the oxidation 
zone are extremely rare. 


When a substance containing selenium is heated on charcoal, a curious odour can be 
observed resembling rotten radishes. This rather sensitive test was first described by 
Berzelius. 


For a wet test dissolve the mineral with a minute amount of nitric acid, add 1 ml 
concentrated HCl and boil. Now solve a pinhead-sized crystal of potassium iodide KJ on a 
watchglass in a drop of concentrated HCI and soak this solution with a filter paper. A drop of 
the test solution is placed in the middle of the moist part. Any black-brown stain that develops 
is completely decolorized by a drop of sodium thiosulphate solution if no selenium is present; 
otherwise a red-brown stain of Se is left. 


Si _ silicon 


Approximately 0.4 g of the mineral powder is mixed with only a quarter of this amount of 
calcium fluoride and placed in a plastic tube like those used for tablets. One millilitre of 
concentrated sulphuric acid or a concentrated solution of NH4HSOy, is added and the tube is 
closed with the plastic lid, in which a hole with a diameter of 2 - 4 mm has previously been 
made by means of a hot nail. The hole is covered with a wet black fabric, and the fabric must 
be kept wet by placing some wet cotton wool on the lid. Now heat the lower part of the plastic 
tube gently by dipping it into hot water for 10 minutes. 


Any SiF4, evolved in the reaction of CaF, + H2,SO,4 + silicate, is decomposed by the water 
according to the formula: 3 SiF4 + 2 HO = SiOz + 2 H)SiF.6. After opening the lid the black 
fabric should have turned white in the presence of any silicate in the tested mineral. - This test 
is impaired by the presence of a considerable amount of boric acid, and it may fail if too much 
calcium fluoride has been used. In such cases only HBF4, or H)SiF4 is formed; both acids are 
soluble in water. 


It is also possible to proceed in the following way. Melt a pinch of the mineral powder with 
a flake of NaOH on a stainless steel spoon. Only after complete cooling add one millilitre of 
distilled water to the solid melt and dissolve it at least partly. This solution is poured into a 
plastic beaker with one millilitre of ammonium molydate solution, and drop by drop HNO; is 
added till a weak acid solution is achieved. Now dissolve a pinhead sized amount of SnCh 
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and a flake of NaOH in some drops of water in a plastic vessel. After complete cooling pour 
this solution into the beaker with the test solution. A blue colour indicates the presence of 
silicate; the colour fades after some minutes. Arsenic and phosphoric acid must be absent in 
the mineral. 


Another method is to dissolve the NaOH melt completely in water, to pour it into a test 
tube, then cautiously adding an equal volume of concentrated nitric acid, and to evaporate to 
dryness. Be careful towards the end of the operation, do not allow the tube to become very 
hot. Moisten the residue after cooling with 3 ml HCl, boil for a few seconds and add 5 ml 
distilled water. Heat again to boiling and remove the insoluble silica by filtering. This silica 
should be white after washing with water. It is tested for purity by puncturing the filter and 
washing the silica by means of a jet of water into a clean test tube. Then add a little KOH and 
boil; if pure, the silica will go wholly into solution. In rare cases when Nb-containing silicates 
such as eudyalite are tested, a turbidity of niob oxide may remain. 


Sn tin 


Tin is a rare element with an average amount of 3 ppm in crustal rocks. This sounds past 
belief since bronze, its alloy with copper, was the main material for tools and weapons for 
millenniums in the history of mankind. Even in the present electronic age tin is an important 
material for soldering. Fortunately the occurrence of tin bearing minerals is nearly exclusively 
associated with the pneumatolytic, pegmatitic, and hydrothermal stage of granite plutons. The 
mineral chiefly found in it is cassiterite SnOz, a hard, heavy, and extremely weathering 
resistant mineral. It is insoluble in any acid or mixture of acids and therefore collected as a 
placer mineral in the sands which have resulted from the disintegration of weathered granite 
plutones. Moreover, Sn scarcely enters the lattice of the main rock forming minerals and other 
tin minerals like stannite CuwFeSnS4 are quite rare. Minor amounts of tin are found in some 
pegmatite minerals like columbite. Tin is tetravalent in minerals, but in solution it can be 
reduced to the divalent state. 


Prospectors for tin are mainly searching for cassiterite as a placer mineral. The mechanical 
corroded grains of cassiterite are difficult to distinguish from other placer minerals. They are 
placed on a sheet of zinc and a drop of diluted HCl is added. Within a few seconds SnO2 
grains are covered with a dull-grey skin of metallic tin. Flat thick-walled dishes made from 
cast zinc are often used for this purpose. The test may fail if the grains are covered with iron 
oxides. In such cases the iron oxide coating can be removed by warm HCI saturated with 
oxalic acid, followed by washing with water. 


To detect tin in other minerals the tin must be present as SnCb in solution. This is 
achieved in the following way. Sulphides are molten with a 1 : 2.5 mixture of 
NH,Cl/NHiNOs3, for oxides and silicates the fusion with KOH on a stainless steel spoon is 
recommended. In both cases the cool solid melt is dissolved in a little water, and the same 
amount of concentrated HCl is cautiously added. Add to this solution a few granules of stick 
zinc, after some seconds all tin is reduced to the divalent state. There are two ways to detect 
the presence of tin: 


- The test solution is stirred with a test tube filled with cold water. If the portion of the test 
tube which has been dipped into the solution, is held in a nonluminous Bunsen flame, a 
characteristic blue flame mantle forms around the test tube. This flame colour is specific for 
tin only, the test fails only in the presence of As. 
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- For a wet method mix some drops of ammonium molybdate solution with a surplus of 
NH4NaHPOQ, on a spot test plate or a clay dish, add a drop of nitric acid and warm gently. A 
yellow precipitate of ammonium phosphomolybdate is formed. Soak the liquid with paper and 
wash the precipitate twice with water. Adding a drop of the test solution will reduce the 
yellow precipitate to molybdenum blue. Both tests are rather sensitive, antimony does not 
interfere. 


For a reduction on charcoal mix the mineral powder with one part of charcoal powder and 
two parts of soda and make into a paste with water. Globules of tin are achieved by a fusion 
on charcoal only if tin is a major component; if heated intensively and for a considerable time, 
sufficient tin may volatilize to give a white, non-volatile coating of SnO2 on the charcoal. 


Sr strontium, see Ba barium 
Ta _ tantalum, seeNb columbium 


Te tellurium 


Tellurium is a very rare element with only 0.002 ppm content in the earth's crust. Tellurides 
or the native element associated with sulphides are mostly found. Oxidation products such as 
salts of tellurous and telluric acid very rarely occur in gossans.- A very delicate test for Te is 
made by heating the mineral powder with concentrated sulphuric acid, when the latter 
assumes a reddish-violet colour. The cautious addition of water, after cooling, causes the 
colour to disappear, and a grayish-black precipitate of Te is produced. 


Ti titanium 


4.4 weight % of the earth's crust is made up of titanium, indeed it is the ninth in the rank of 
abundance of elements. It is found in combination with oxygen in oxides and silicates, 
predominantly in the tetravalent, but sometimes in the trivalent state. Rutile TiO2, ilmenite 
FeTiO3, titanomagnetite, and titanite CaTiSiO 5 are the most common titanium minerals. They 
are present as accessory minerals in most igneous rocks. Trace amounts of Ti are nearly 
always incorporated in the lattice of pyroxenes, amphiboles, and many micas. Regarding its 
physical and chemical properties rutile is in fact a mineral apt to be concentrated in placer 
deposits. Unfortunately, it mostly occurs in igneous rocks as fine needles or it is intergrown 
with quartz. For this reason only a few mineable placer deposits of rutile are known, but these 
few are very large. 


For a wet test the mineral powder is fused on charcoal with the sixfold amount of soda, and 
the melt is dissolved with concentrated HCl. Boil the solution, filter if necessary, then add a 
little granulated tin or a piece of zinc. On boiling, a violet colour indicates Ti owing to the 
formation of TiCk. The colour is seen best when the liquid becomes cold, and the hydrogen 
formation ceases. This test may fail if the tested matter contains less than 3% titanium oxide. 


Another highly sensitive test works only in a sulphuric acid solution. The above-mentioned 
melt with soda is treated with sulphuric acid in a test tube and heated. After cooling to room 
temperature, some water and a tiny amount of NaNH,HPOs, is added, then some hydrogen 
peroxide. A yellow colour indicates Ti. If vanadium is present it will cause a red colour, in 
case of any doubt, add a small amount of NaF. The yellow colour due to Ti will vanish, while 
the red colour of V stays. - Some Ti minerals like oxides can be dissolved by fusion with 
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KHSO, in a test tube, and dissolving the melt in cold water. Such solutions can be used for 
the hydrogen peroxide test also. 


U uranium 


The uranium content of the earth's crust is 2 ppm. U-bearing minerals are often associated 
with granite plutons. The minerals uraninite UO2, pitchblende, brannerite U(Ti,Fe)2O6, and 
coffinite USi04 occur in pegmatites and hydrothermal veins. Small amounts of U are often 
incorporated in the crystal lattice of zircon and monazite. Uranium is tetravalent in all these 
minerals of the endogenic cycle. On contact with oxygen and water all these uranium minerals 
are quickly oxidized, and the hexavalent uranium forms the uranyl ion UO ae This particular 
ion is dumb-bell shaped and cannot be incorporated into the lattice of any other mineral. As a 
result, uranyl-minerals are formed. More than 100 of such uranyl-minerals are known. Most 
prominent are the uranium micas. These minerals are not silicates because the sheet layers are 
made up by PO,* and UO,”* ions. Cations and water are arranged between the layers. - 
Within the exogenic cycle, trace amounts of U are often found in lignites and phosphorites. 


All crystalline uranyl compounds, with the exception of such minerals that contain 

transition elements, show a fluorescence in ultra-violet light. Already borax beads which 
contain uranium exhibit an appreciable green fluorescence, but sodium fluoride beads light up 
to a deep yellow colour if they contain any U. This may be used in the following highly 
sensitive test: 
Sodium fluoride is fused to form a bead in a loop of platinum wire (NaF melts at 992° C). 
When cold, the bead appears only slightly violet in ultraviolet light. Now the bead is wetted 
with the test solution. After careful evaporation, fuse the bead again for a short time. After 
cooling examine the bead in ultraviolet light. As a source of UV the use of a cheap pocket 
money tester is recommended. Only Nb and Be give a very weak similar fluorescence. 


Nearly all uranium minerals can be dissolved in nitric acid, but zircon, monazite, and 

some oxides should be taken up by a hot soda bead on a platinum wire. After melting, take up 
some potassium nitrate and melt again. This bead is dissolved in diluted HCl. 
- For a wet test, some drops of this solution are placed on a spot plate or a clay dish. Add a 
tiny amount of sodium thiosulphate, stir and then add a drop of a solution of potassium 
ferrocyanide K4Fe(CN)s. A brown precipitate indicates U; when a flake of NaOH is added the 
precipitate turns yellow. 


It should be mentioned that most minerals containing the uranyl group are soluble in a 
solution of ammonium carbonate, which thereby assumes a yellow colour. 


Vvanadium 


Vanadium makes up 110 ppm of the earth's crust, so it is no rare element. However, the 
main mass of vanadium is widely distributed in igneous rocks, where the trivalent vanadium 
takes up the position of trivalent iron in mafic minerals. During weathering of these mafic 
minerals, the vanadium enters the pentavalent state, and it is widely redistributed because 
alkali vanadates are readily water soluble. Vanadium minerals form preferably in the outcrop 
of lead deposits. Vanadinite PbsCl(VO4)3 and descloizite Pb(Zn,Cu)(OH)VO. are the most 
common vanadates. Insoluble minerals also form together with the uranyl ion. Among those, 
carnotite K2(UO2)2(VO4)2 3H2O, which possesses a structure similar to uranium micas, is the 
best known. V may also enter the tetravalent state, but minerals which contain tetravalent 
vanadium are extremely rare. Patronite VS4 was only found together with asphalt in two 
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mines in Peru; for a long time, this was the main mined ore. Roscoelite, a green 
vanadium(III)-bearing mica from sandstone bands, was also mined for this element. 


All vanadates can be dissolved in strong acids. If vanadates are boiled with concentrated 
HCI, the oxychloride of tetravalent vanadium VOCb is formed due to the reaction: 
V205 + 6 HCl = 2 VOCbk + 3 HO + Ch. The chlorine gives a blue colour to wet potassium 
iodide-starch paper held atop of the test tube. The colour of the solution changes to green and 
finally to a light blue on dilution with water, but this colour may be masked if Cu or U is 
present. Ensure a good ventilation due to the formation of chlorine! Please mind that any 
black manganese oxides will also cause the evolution of chlorine. 


For a more sensitive wet test you need a solution of pentavalent V in sulphuric acid. 
Vanadates can be dissolved in sulphuric acid or may be molten with KHSOx, followed by 
dissolving in few drops of diluted sulphuric acid. Silicates must be melted with a mixture of 
soda with some KNO3 on a magnesia furrow. The melt is dissolved in water and brought to a 
strong acidic state by the addition of sulphuric acid. Filter this solution if any precipitate 
occurs and treat some drops with a tiny amount of solid NaF on a spot test plate, a clay dish, 
or a watch glass. Now add, only drop by drop, a very diluted solution of hydrogen peroxide. If 
vanadium is present, a red to pink coloration appears. It is a pitfall of this test that too much 
hydrogen peroxide converts the red precipitate of peroxovanadium sulphate yellow. Therefore 
the diluted hydrogen peroxide should be added only in very small amounts. The addition of 
NaF is only necessary if Ti or Fe** is present. 


The amber colour of a bead of phosphorous salt in the oxidizing flame is a quick but quite 
reliable test for minerals where V is a main constituent. 


W tungsten (German: Wolfram) 


The content of tungsten in the earth's crust is approximately 1 ppm. The element is always 
hexavalent in minerals. It does not enter the lattice of igneous rock forming minerals; thus, it 
concentrates as tungstates in pegmatites and hydrothermal veins. Only three tungstates are 
widespread and important: wolframite (Fe,Mn)WOs,, scheelite CaWOsz, and stoltzite Ph»WO.. 
On weathering of these minerals some extremely rare minerals are sometimes formed. 
Tungsten is also found in small quantities in a number of columbites and tantalites. 


Scheelite and stoltzite dissolve in hot concentrated HCl, while forming a yellow precipitate 
of WOs3. If boiling is continued after the addition of granulated tin, a blue colour results. The 
colour may change to brown on further reduction. Wolframite and columbite are to be fused 
with KOH on a magnesia furrow. Dissolve the solid melt in water only after complete 
cooling. Add again tin to the filtered solution. On acidifying with HCl and boiling, the blue 
reduction test is obtained. The following test may be carried out on filter paper: a drop of the 
aqueous solution of the KOH melt is placed on filter paper; then, on the opposite side of the 
paper a drop of concentrated HC] is added. When treated with a solution of SnCk in HCl the 
yellowish colour changes to blue due to the formation of partially reduced tungsten oxides. 


Zn zine 
Zinc is a common element in the earth's crust with 65 ppm . It is mostly concentrated in 


hydrothermal veins. The principal mineral is sphalerite, ZnS, but several other sulphides 
contain Zn in small quantities as a constituent or as intergrown admixtures of ZnS. 
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Smithsonite ZnCO3, and a considerable number of other zinc-bearing minerals such as 
silicates, phosphates, arsenates, vanadates, and zinkite ZnO are formed in the oxidation zone. 


It is recommended to mix the mineral powder with half the amount of soda, to add some 
charcoal powder and to make into a paste with water. Zinc volatilizes when this mixture is 
heated on charcoal and is detected by the non-volatile coating of ZnO, which is of a pale 
canary-yellow colour when hot and white when cold. - If the mineral contains aluminium or 
tin, some borax should be added and intense heating is necessary. This is especially 
recommended if gahnite ZnAbOy, or stannite CugSnFeS, with intergrown ZnS is tested. The 
white sublimate of ZnO may be captured by a cover glass placed in the proper position on the 
charcoal. There is also a wet detection technique: Dissolve the white coating in hot acetic acid 
The solution gives a white precipitate with a solution of potassium ferrocyanide KyFe(CN). - 
Another way to confirm that the white coating is ZnO consists of wetting the sublimate with a 
considerably diluted solution of cobalt nitrate, then heating again. The green colour of 
Rinmann’‘s green indicates Zn. 


The following procedure is recommended only if traces of zinc are to be detected in 
silicates or technical products: Melt the powder with a flake of NaOH on a magnesia furrow. 
After complete cooling dissolve in a few drops of water. This solution is mixed on a watch 
glass with a few drops of a green solution of 1 mg diphenylthiocarbazone (dithizone) in 10 ml 
carbon tetrachloride. Now the carbon tetrachloride is evaporated by blowing while stirring 
with a glass rod. The solution assumes a raspberry-red colour in the presence of zinc. A 
precipitate of any colour should be disregarded. A fume cupboard should be used, carbon 
tetrachloride smells agreeable, but it is poisonous if it is inhaled! 


Zr zirconium 


Zirconium makes up 160 ppm of the earth's crust. Due to its tetravalent charge and its size, 
the Zr** ion is not incorporated into the lattice of the main rock-forming minerals; almost 
invariably, zircon ZrSiO4 is formed and finely dispersed in igneous rocks, especially in the 
late stages of crystallization. Some complex Zr-silicates occur only in nepheline syenites. 
Pure zircon is the most weathering-resistant silicate, therefore it is concentrated in placer 
deposits. Zircon often captures tetravalent uranium and thorium during crystallization from 
the magma. The radioactive decay of these elements over geological time disturbs the short- 
range order of the crystal lattice; such minerals are called metamict. Minerals altered in this 
way exhibit a dark colour. Syenites containing Zr-silicates which have been subject to 
weathering may form baddeleyite ZrO» as the weathering product. Thus formed baddeleyite 
layers are the main mineable zirconium ores. 


Zr minerals are decomposed by the fusion with NaOH on a stainless steel spoon or a silver 
dish, or by melting the mineral powder with a mixture of soda and borax on charcoal. The 
crushed bead or the cold and solid NaOH melt is treated with water in order to dissolve the 
water soluble compounds. The water is discarded, either by filtering or by soaking with filter 
paper. The remaining insoluble zirconium oxide hydrate is dissolved in a few drops of diluted 
HCl. A small part of this solution is treated with hydrogen peroxide on a watch glass, from a 
near neutral solution a white precipitate forms. If the solution turns yellow, Ti is present. If no 
Ti is present, a drop of the hydrochloric solution of the melt residue is placed on turmeric 
paper; if it turns orange, Zr is present. As the colour is not very marked, the following test is 
better. 
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Place some drops of the hydrochloric acid solution in a clay dish or a spot test plate and 
evaporate slowly to dryness only, do not overheat. Add two drops of an alcoholic alizarin 
solution, and boil once. Then add a drop of dilute hydrochloric acid. Only the red-violet 
zirconium lake remains unaffected. Be, Al, Ti, and Th do not interfere. - The alcoholic 
alizarin solution is prepared by dissolving alizarin in ethanol, treating it drop by drop with 
highly diluted HCl until a pure yellow colour develops; this solution is diluted with an equal 
volume of ethanol and filtered. 


No simple identification tests can be recommended for the heavy elements of the third main 
group of the periodic table of the elements: Ga gallium, In indium, and TI thallium, the same 
is true for Ge germanium. With average amounts in crustal rocks of 15 ppm gallium, 2 ppm 
germanium, | ppm thallium, and 0.1 ppm indium, only the last-named may be called a rare 
element. No indium minerals are known, Tl minerals are extremely rare and Ge and Ga 
minerals are only rarely found, mainly in the oxydation zone of a few sulphide ore deposits. 
For technical use all these elements are mainly yielded as by-products during the purification 
of raw zinc. - Indium and thallium each produce a single line in flame emission spectra: T1 
535 nm green, and In 451 nm indigo-blue. The names of both elements are based on their 
flame coloration. - Thallium is a very poisonous element! 


The preparation of test papers and reagents 


Not all test papers and reagents are on sale. Moreover, it is much cheaper to prepare them, 
especially for only occasional use. The wet papers should be pinned to a string by means of a 
clothes peg and dried in a dust-free atmosphere. All papers should be stored in airtight plastic 
vessels in a dark place. Always use distilled water. 


Dimethylglyoxime paper is used for the identification of Ni and Pd. - Filter paper is soaked 
with a saturated alcoholic solution of dimethylglyoxim and dried. The reagent paper is stable 
for a long time. 


Iodide-starch-paper is turned blue by the action of strong oxidizing compounds, especially 
by free chlorine and bromine. - Three pinches of starch are mixed with some water and 
poured into 150 ml boiling water. After cooling, approximately one gram of potassium iodide 
is dissolved in this liquid, followed by soaking and drying of the filter paper in the usual way. 
The wetted paper is hold atop the solution to be proved; take in mind that nitrogen dioxide NO also 

is able to turn the paper blue, this compound may be produced on boiling strong acid solutions 
containing nitrates. 


Lead acetate paper is used to identify the presence of hydrogen sulphide HS. - 2.5 g of 
potassium acetate is dissolved in 100 ml water. The filter paper is soaked and dried as usual. 


Pyrolusite paper serves to detect the presence of SO2. - Three pinches of potassium 
permanganate KMnO, are dissolved in 100 ml water. Filter paper is soaked with this dark 
violet solution and dried. Soaking and drying is repeated twice and the brown paper is finally 
well washed with water before the last drying. The dry paper is stable for 1-2 years. 


Turmeric-paper is used for the identification of boron and zirconium as well as a test paper 
for alkalis. - Turmeric is an Indian plant, curcuma longa; the powdered rhizome of this is used 
as a dye-stuff and as a spice, especially in curry. The active content curcumine is on sale, but 
not the test paper. The easiest way is to shake half a teaspoon of turmeric powder with 10 ml 
acetone, and, after the powder settles, to soak a white filter paper with the yellow solution. 
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The dried paper is stable for years if it is stored in an air-tight container in a cool and dark 
place. (Turmeric is called curcuma in French and German.) 


Zinc sulphide paper can be used as a screening reagent to detect Ag, Cu, Pb, Sb, Bi, Hg, 
trivalent As, Sn, and Cd. Antimony causes a red stain, cadmium and arsenic a yellow one, all 
other elements a dark brown staining. Stains caused by mercury compounds turn black. - 
Filter paper is soaked with a solution of 2 g zinc sulphate (or another soluble zinc salt) in 100 
ml water and dried. This paper is again soaked with a solution of 2 g sodium sulphide or 
potassium sulphide in 100 ml water. After drying it is again soaked with the zinc solution, 
well washed and dried. The paper is stable. 


Zinc ferrocyanide paper is used for the rapid detection of iron and copper. - The paper is 
soaked with a solution of 2 g of a soluble zinc salt, like the sulphate, in 100 ml water and 
dried. The dry paper is soaked with a solution of 2 g potassium ferrocyanide KyFe(CN)6, a 
yellow compound, in 100 ml water. After drying the paper is treated again with the zinc 
solution, well washed with water and dried. - A brown stain results in contact with a solution 
containing Cu”* ions, a blue stain is caused by Fe** ions. The very faint staining by solutions 
containing Mn** (pink), Nf* (green), and Co** (blue) cannot be recommended as conclusive 
tests. 


An iodine solution can be prepared from potassium iodide in the following way. Heat a 
mixture of two pinches each of potassium iodide KI and potassium hydrogen sulphate KHSOx4 
in a test tube till a sublimate of free iodine is formed on the inner wall of the test tube. After 
complete cooling blow a stream of air into the tube till no odour of sulphur dioxide is smelled. 
Now scratch the iodine from the walls by means of a spatula while holding the tube in a 
slanting position. Transfer the iodine to a watch glass. It can be dissolved either in alcohol or 
in a potassium iodide solution. - The solution is used to identify lanthanum or to convert the 
white oxide sublimates of Pb and Bi on charcoal into the yellow or red coloured iodide 
sublimates. The solution is stable if it is stored in a glass bottle with a ground glass stopper or 
a cork stopper soaked with paraffin. 


Bromine water dissolves metallic gold, platinum and palladium and it is used to test for 
beryllium and magnesium. - A pinhead sized amount of each potassium bromide KBr and 
potassium bromate KBrO3 is dissolved in some drops of diluted HCl, 5 ml water and a pinch 
of sodium acetate is added. Always ensure good ventilation, it is dangerous to inhale any of 
the brown vapours! The solution should be freshly prepared for use. Add a surplus of sodium 
thiosulphate to any remaining liquid before flushing with much water in the sink. 


Ammonium molybdate solution is used to detect phosphates, arsenates and silicates. - One 
gram of ammonium molybdate in a finely powdered state is mixed with 10 ml water, 
approximately 10 ml concentrated nitric acid is added drop by drop and stirred intensively till 
any white precipitate is dissolved and a clear solution results. The solution is stable, it should 
be stored in a plastic bottle. 


Stannous chloride solution is used as a reducing agent in some tests. - 0.5 g SnCb is 
dissolved in 6 ml water + 4 ml concentrated hydrochloric acid.- The solution is stable. 


Staining tests for carbonates 


Aragonite is a modification of CaCO3 It is stable only at high pressures, but is often formed 
metastable if CaCO3 is precipitated in the presence of Mg’* ions and in the temperature range 
of 29°C to 260°C. Both calcite and aragonite effervesce on contact with cold diluted HCl and 
even with vinegar, but aragonite scratches calcite; this is a simple test if a crystal of calcite 
with a flat face is available. However, sometimes a staining test to differentiate between 
calcite and aragonite is required. - Boil the carbonate with a 10% solution of cobalt nitrate, 
only aragonite assumes a pink colour, while calcite remains unstained. Any remaining cobalt 
nitrate solution can be used for further tests. 


Calcite and dolomite may be distinguished in the following way: A small fragment of the 
mineral is immersed for 30 seconds in a solution made from 10 ml distilled water and 1 ml 
concentrated HCl; now the specimen is immersed for 5 minutes in a solution of 100 ml 
distilled water + two pinches of alizarin sulphonic acid + 10 drops of concentrated HCl. 
Finally the fragment is washed with distilled water till the washing water stays colourless. 
Calcite, aragonite, and witherite are stained red, while ankerite, strontianite, and cerussite may 
turn purple. No staining is observed for dolomite, magnesite, siderite, smithsonite, gypsum, 
and anhydrite. 


It is only rarely necessary to differentiate between magnesite and dolomite, since dense 
polycrystalline magnesite mostly shows a characteristic white colour. An appropriate staining 
test was already described, see Mg. 


To differentiate between dolomite, pure calcite, and magnesium containing calcite, shake 
0.2 g alizarin sulphonic acid with 25 ml methanol and add 15 ml of 30% NaOH. Boil the 
mineral for 6 minutes with this mixture. Dolomite and the Mg-containing calcite turn purple, 
pure calcite remains unstained. 


All dye-stuff solutions and etching acids should be used only once and then discarded. 


In rare cases it may be necessary to isolate small amounts of minerals or fossils from 
calcareous sediments like limestone. A 0.4% solution of monochloroacetic acid CH,CICOOH 
dissolves calcite, aragonite and dolomite, most other minerals including apatite remain 
unattacked. The dissolution is a very slow process, at least 24 hours and a large surplus of the 
acid is needed for fine powders. The disintegration of bigger lumps may take weeks! 
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UV fluorescence 


Ultra violet radiation is invisible for the human eye, but most sources of UV also emit some 
light in the visible range. Some solid and liquid matter emits visible light by the absorption of 
UV light, normally only a small part of the visible spectrum. Therefore this fluorescence light 
is coloured. The effect is called phosphorescence if the emission of visible light continues for 
some time after stopping the UV source. In minerals fluorescence is mostly due to impurity 
atoms in the lattice. This is the reason why some mineral species always fluoresce, while 
other minerals exhibit the effect only sometimes in certain deposits. Depending on the 
conditions of formation of the mineral, the amount as well as the kind of impurity atoms may 
vary; such variations can cause changes in colour and intensity of the fluorescence of a 
mineral! It should be borne in mind that many organic materials also fluoresce e.g. teeth, 
some lichen, fungi on rotten wood, some kind of fabric, and naphtha. - Even thin coatings of 
iron and manganese oxides may suppress the effect. 


Shortwave UV has a 185 nm to 300 nm wave length, longwave UV ranges from 300 nm to 
400 nm. Take care to avoid any UV light catching your eyes, even the reflection from a light 
surface is dangerous; severe damage, even blindness, may result. Glass absorbs shortwave 
UV, but not longwave UV. Wear fabric gloves if you intend to handle minerals in UV light 
for longer than a few seconds. - Portable battery-operated UV light lamps operating on shortwave 
254 nm and longwave 366 nm for field use are on sale with prices in the range from € 92 to € 360. 
Battery-operated money testers are much cheaper, they only work in the long wave, but the price range 
is in the order of € 5 to € 30. An EPROM eraser is a strong source for shortwave UV. 


The following minerals always exhibit fluorescence 


Mineral shortwave UV longwave UV 
autunite Ca(UO2)2(PO4)2-10-12H2O yellow 

and many other uranyl-minerals 

cerussite PbhCO3 yellow yellow 
hauyne (Na,Ca)4-3(AISiO 4)6(SO.,Cl) 1-2 orange 
hydrozincite Zns5(CO3)2(OH)6 blue white 

malayaite CasSnSiO 5 greenish yellow 

powellite CaMoOx4 yellow 

ruby AbO3 + 0.1-0.6%CnO3 red red 


scheelite CaWO4 


scapolite 
Na3(AlS8O3)3-NaCl /Ca3(AbS bOg)3-CaCO3 


willemite Zn.SiO4 


zircon ZrSiO4 


blue to yellow 


yellow 
green 


yellow to orange 


orange-yellow 


yellow to orange 
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The following minerals sometimes fluoresce, depending on the origin: 


Alkali feldspar, anhydrite, andalusite, aragonite, anglesite, apatite, barite, benitoite, 
chalcedony, calcite, colemanite, cristobalite, danburite, diamond, dumortierite, eucryptite, 
fluoborite, fluorite, gypsum, halite, hyalite, jadeite, lapis lazuli, monazite, opal, petalite, 
periclase, rhodochrosite, sapphire, smithsonite, sphalerite, spodumene, _ strontianite, 
thomsonite, tremolite, topaz, turquoise, witherite, wollastonite. - No claim to completeness! 


The solubility of some minerals 
These files comprise only selected minerals and mineral groups. Tests should be made with a 


small amount of finely ground material. 


The following minerals are insoluble in cold concentrated hydrochloric acid 


albite NaAlS~Og paragonite NaAb(S8AIO ;9)(OH)2 

amblygonite (Li,Na)Al(PO4)(F,OH) prehnite Ca2AhSij010(OH)2 

astrophyllite pseudobrookite Fe2TiOs 

(K,Na)3(Fe,Mn)TbS ig024(0H,O), 

axinite Ca2(Fe,Mg,Mn)AbBOH,O(SbO7)2 pyrite FeS» 

babingtonite Ca2(Fe,Mn)FeSs014(OH) pyrochlore (Ca,Na)2Nb206(OH,F) 

barite BaSO, spodumene LiAISiO6 

boracite Mg3B7013Cl talc Mg3(SuO;0)(OH)2 

chloritoid (Fe,$Mg,Mn)2AlS iO19(OH)4 titanite CaTiSiO 5 

celestine SrSO4 vesuvianite CajpMgAl(SpO7)2(OH)4 

hematite Fe.0O3 xenotime YPO, 

ilmenite FeTiO 3 zircon ZrSiO4 

lawsonite CaAbSpO7(OH)2H2O zoisite CaAk(SiO 4)3(OH) 

lazulite MgAb(PO4)2(OH)>2 and most members of the following mineral 
groups: feldspars with the exception of 

marialite 3NaAlISkOsNaCl anorthite, clinopyroxenes, orthopyroxenes, 


epidote, amphiboles 
muscovite KAb(SAIO 10)(OH,F)2 


allanite (Ce,Ca, Y)2(Al,Fe)3(S10 4)3(OH) 


The following minerals are soluble in hot concentrated hydrochloric acid 


analcime NaAISpO.6 H2O 

anorthite CaAhSpOg 

apatite Cas(F,OH,Cl)(PO4)3 
apophyllite KCa4(S4O10)2(F,OH)8H20 
augite (Ca,Na)(Mg,Fe,Al,Ti)(Si,Al) 206 
brucite Mg(OH)> 


chlorite 
(Mg,Fe)3(OH)2/SyO 10/(Mg,Fe)3(OH)6 


chondrodite (Mg,Fe)5(OH,F)2(Si0.4)2 
chrysotile Mgs(Siu010)(OH)s 
colemanite Caz2Be01;5H,O 

datolite CaBSiO 4(OH) 

eudialyte, a red cyclosilicate with 
Na,Ca,Fe,Mn,Ce,Zr 

occurring in nepheline syenites 
fluorite CaF 

gadolinite Y2FeBe2(O/Si04)2 
gehlenite (Ca,Na)2(Mg,Al,Fe)SpO7 
glauconite, a green iron-rich mica 
goethite FeOOH 

ilvaite CaFe3(O/SpO7/OH) 

leucite KAISpO6 

ludwigite MgFe(O2/BO3) 


Mn oxides like cryptomelane, and 


pyrolusite evolve chlorine on dissolution! 


meionite 3CaAhSpOsg ‘CaCO; 
melilite (Ca,Na)2(Mg,Al,Fe)SpO7 
monticellite CaMgSiO4 
nepheline KNa3(AlSiO4)4 

olivine (Mg,Fe)2SiO4 


periclase MgO 


pectolite Ca,NaH(SgOo) 

rhodonite CaMmSi5015 

saponite, a Mg-rich mineral of the 
smectite group 

sodalite Nag(Ch/(AISi0 4)¢) 
wohlerite Ca2gNaZr(F,OH,O):/SpO7 
epidote after glowing 

garnets after melting, except uwarovite 
all carbonates 

all calcium silicates 

all calcium silicate hydrates 

most zeolites 


andesine, labradorite, and bytownite are 
imperfectly soluble 


most phosphates 
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The following minerals are dissolved by hot concentrated sulphuric acid 


amblygonite (Li,Na)Al(F,OH/PO,) ilmenite FeTiO3 

alunite KAk(OH).6(SO4)2 monazite CePOx, 

anatase TiO 2 allanite (orthite) a Ce-rich epidote 
anglesite PbSO4 perovskite CaTiO3 

anhydrite CaSO, phlogopite KMg3(SRAlO ;9)(F,OH)2 
baddeleyite ZrO pyrophyllite Ab(OH)2(SuO010) 
barite BaSO, rutile TiO2 

biotite dark mica titanite CaTiSiO 4/O 

bohmite AIOOH topaz Ab(F,OH)2SiO4 

chloritoid FeAb(OH)/O/SiO 4 vermiculite 


(Mg,Fe,Al)3(S1,Al)40 10(O0H)2-4H20 
cryolite Na3AlF¢ 

zircon ZrSiO4 
gibbsite Al(OH)3 

most members of the crandallite group 


The following minerals are soluble in hot 20% KOH 


alunite KAk(OH)6(SO4)2 realgar AsS 

anglesite PbSO, stibnite Sb2S3 

chalcedony SiO» sulfur S 

opal SiO 2-nH2,O tridymite SiO. 

orpiment As2S3 wavellite Ak(PO,4)2(OH,F)3-5H20 


A 10% solution of ammonium carbonate dissolves most copper ores, with the exception of 
the sulphides and oxides; the dissolution rate is sometimes enhanced by the addition of 
ammonia solution. The solution turns deep blue. 


Most uranium minerals containing hexavalent U are dissolved by ammonium carbonate 
solution; the solution turns yellow. Minerals containing tetravalent U are only slowly attacked 
by a mixture of hydrogen peroxide and ammonium carbonate solution. 
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Miscellaneous hints 


The Mohs' hardness of a mineral measures its resistance to being scratched, but the 
hardness may be considerably different on different faces. Large mineral specimens are 
pressed on to and drawn across a smooth surface of a standard. Small grains are best 
determined by placing the grain on the smooth surface of the standard, it is then pressed 
firmly into that surface with a flat wooden implement, such as the blunt end of a pencil, and 
steadily drawn across it. The presence of a scratch, which must be an elongated indentation 
and not just a linear accumulation of powder, must be controlled by a lens! It is preferable to 
use flat pieces of the standard minerals calcite (H=3), fluorite (H=4), apatite (H=5), orthoclase 
(H=6), and quartz (H=7). Obsidian or window pane glass may be used instead of apatite 
which is often not available. Some textbooks recommend the use of metal sheets: copper 
(H=3), brass (H=3.5 to 4), soft iron (H=4 to 5), and annealed steel (H=5.5 to 7). Such sheets 
must be controlled before use by minerals with known hardness! - It is very important not to 
confuse the true hardness of a single mineral grain with the brittleness, or lack of granular 
cohesion, of a fine-grained mineral aggregate. Furthermore, inclusions or surface coatings of a 
soft mineral may be harder, e.g. hematite on calcite or soft fibrous minerals which are 
silicious. For preliminary tests a sewing-machine needle can be used. Its blunt end should be 
mounted in wood; for transport its sharp end may be inserted into a small piece of cork. Most 
times the hardness of such a device is in the range of 5.5 to 6. 


The density of a mineral is its mass per unit volume and is given as g cm. To determine 
the density of a mineral you need a balance with a sensitivity of 0.001 g. If such a device is 
available you can record the weight of the mineral sample and the volume of water which it 
displaces. The mineral piece is tied by a very thin copper wire and held into a vessel with 
water on a balance. The surplus of weight after immersing the mineral gives the mass of the 
displaced water. Litz wire from an electric cable may be used. 


Another possibility is to use a pycnometer, that is a small bottle fitted with a long ground- 
glass stopper, which is pierced along its length by a small-diameter hole. With four readings it 
is possible to calculate the density: 

The dry pycnometer = P, the mineral + the dry pycnometer = M, the pycnometer + the 
mineral filled with water = T. Eventually the pycnometer is emptied and filled only with 
water = W. - The mass of the mineral is M - P, the volume of the mineral is W + M - P - T. 


Only non-porous minerals can be used! Many minerals are members of a mixed crystal series, 
that means their density may vary considerably. Therefore it makes no sense to calculate more 
than the first decimal place. 

It is possible to use heavy liquids to measure the density by the swim-sink method. Such 
liquids are: 
Tribromomethane (bromoform) CHBr3, D = 2.90; methanol is used for dilution 
Tetrabromoethane Br2CHCHBr> ; D = 2.96; methanol is used for dilution 
Diiodomethane CH2In, D = 3.32; xylole is used for dilution 


Clerici solution is a concentrated solution of thallium formiate and thallium malonate, 
D = 4.25; distilled water is used for dilution. 
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All these liquids are extremely poisonous already on contact with skin, most gloves are 
attacked by the halogen-containing hydrocarbons. The health risks caused by such vapours are 
seriously increased by smoking during handling; high temperatures may convert such vapours 
to more toxic compounds! Any use of such heavy liquids should be restricted to use _in 
scientific laboratories in well ventilated fume-cupboards and by well-trained staff! 

There is one exception: a saturated solution of sodium polytungstate in water reaches 
densities of 2.9 to 3.0 and this compound is classified as a less poisonous compound. The 
solution is very expensive, 100 ml cost approx. € 120, but the above-mentioned poisonous 
liquids are also expensive. 


If you have determined the main elements of a mineral you have to compare this result with 
physical properties like colour, lustre, hardness, streak colour, cleavage, and density in order 
to establish which mineral it is. Nobody knows all minerals by heart, so you need a good 
textbook, preferably one with appropriate tables. For instance two books can be recommended 
which contain such tables for approximately 200 of the most abundant minerals: 


John Sinkankas: “Mineralogy for amateurs“ - Van Nostrand Reinhold Company 
New York - Cincinnati - Toronto - London - Melbourne 1964 


which is unfortunately out of print, or 


Meurig P. Jones: “Applied Mineralogy - A Quantitative Approach “, 1987 
Graham & Trotman Ltd. London, ISBN 0-860-10511-3 


Another data source must be used for rare minerals or if no clear result is obtained. In such 
cases search the internet http:/www.webmineral.com => Mineralogy database > subgroups 
"Chemical composition“ and "Determinative Mineralogy“ 


Another and possibly more user-friendly source can be found using the search engines HotBot 
or MSN Web Search: 

http//www.geonord.org/edu/minid.html = Nomenklatur => alfabetisk och systematic mineral 
forteckning = mineral search = Bolean search database for given elements in formula 


The streak colour is an important information especially for sulphides, oxides, carbonates, 
and phosphates. Large specimens should be rubbed on the streak plate, if the mineral is 
intergrown it is easier to rub the mineral with the edge of the streak plate. For this purpose it 
is convenient to cut a plate into small pieces of 15 to 20 mm width by means of a diamond 
saw or a grinder. Such pieces may be used also for acid fusions. 


Spot test plates can be cut into small strips with only three depressions as well, such strips 
can be heated more easily. 


Light coloured precipitates are better seen on a dark background. Watchglasses can be 
placed on dark paper or charcoal; clay dishes may be dark glazed: mix equal amounts of fine 
powdered basalt and borax and produce a slurry by adding drop by drop a solution of cobalt 
nitrate on stirring. On firing to 1000°C the dried slurry melts to a bluish-black glaze. 


It is recommended to clean the equipment after any use. Pipe cleaners can be used for 
cleaning tubes. Use soap and a hard sponge or brush to clean streak plates, most remaining 
streaks are dissolved by melting a mixture of NHsCl/NH4NO3 on the plate. After cleaning, 
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rinse all items with distilled water. - Agate mortars should cleaned by repeated grinding of 
fine quartz powder. Agate is a slightly pororous matter, avoid wetting it with any solutions. 


Colour perception may vary from person to person; some people have difficulties 
distinguishing red and green tinges. Such different colour perceptions may lead to 
misunderstandings in doing quick assays, but it is not an unconquerable handicap if you are 
aware of it. So consult an ophthalmologist if you distinguish stop and go at traffic lights by 
their position rather than by colour! 


For the detection of ferromagnetic minerals a small, but strong magnet is needed, 
especially if the mineral is intergrown in a rock, e.g. pyrrhotite in gabbro. A larger strong 
magnet is suitable to remove magnetite from panning residues or from sand and gravels. To 
prevent small particles clinging to the magnet, it may be wrapped in a plastic bag. Tightly 
adhering small particles can be removed from the magnet by means of a freshly used chewing 
gum! - A magnetic field may disturb or destroy the information stored on credit cards or 
electronic devices like pocket computers! This danger is at least minimized if you wrap the 
magnet in a thin steel sheet, cut from a cola can, then again in cardboard, and place this 
package in a lidded tin made of iron, such as a candy box. Take care to pack the magnet well 
away from watches, credit cards and electronic devices in your luggage. 


Comminution is an important part of sample preparation. Cracking mineral pieces 
wrapped in paper or plastic by a hammer blow is recommended as a first step. An appropriate 
anvil of 10 mm thickness and 20 to 35 mm diameter may be turned and polished by a lathe 
from a steel rod. If possible it should be annealed. It can be also used to determine hardness 
and for striking small chisels. Small amounts of mineral powder are obtained by means of a 
sapphire or diamond file, but for very hard minerals a very small steel mortar serves a useful 
function. Such a device can be built in the following way: Search for a tool trading company 
delivering semifinished material and order a guide bush (French: matrice cyclique, German: 
Fiihrungshiilse) DIN 9845 with 8 mm inner diameter, 12 mm outer diameter, 10 length and a 
round punch (French: poingon, German: Schneidstempel) DIN 9861, with 8 mm diameter, 70 
mm length. Cut the round punch in the middle by means of a grinder. Insert one half into the 
guide bush up to just one third of its height and fix this position with rubber tubing. This 
arrangement serves as a small steel mortar, the other part of the round punch is used as the 
pestle. - Cutting-pliers are useful for detaching and breaking up small fragments of minerals. 

A mortar made from sintered corundum is an acceptable substitute for an agate mortar. 
The former is harder and non-porous, but slightly more brittle; the price is similar. 


Alkaline fusions done on stainless steel are always contaminated by iron and very often by 
Cr and Ni. It is possible to avoid such contamination if the fusion is done on a silver dish. 
Any goldsmith is able to prepare such a dish of pure silver 20 mm diameter, 7 mm height and 
0.4 mm wall thickness with a small handle for holding by a forceps at a price of 
approximately € 15. Only melts containing alkali hydroxides should be prepared on such a 
device! Never use it for acid fusions or for borate melts! Place it on a clay dish on charcoal 
during heating. Pure silver melts at 960.5°C, therefore heat very cautiously! 


During wet analysis the use of a water bath is often useful. To obtain a cheap, 
dismountable water bath, place a tea light on a piece of plywood of appropriate size and drill 
three holes into the plywood forming an equilateral triangle which just surrounds the tea light. 
Now insert three pieces of iron wire = 2 mm thickness and 70 mm length into these holes. 
Place a tin of 55 mm diameter, 35 mm height on this tripod; e.g. 70 g double concentrated 
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tomato paste from Italy is sold in such tins. The lower part of a small cola can may be used as 
well, see figure 5, page 10. 


Some boreholes in a piece of wood or polystyrene-foam may serve as a test tube rack. 
Any such test tube rack should first be tested for tilting by means of a test tube filled with 
water and fitted with a small funnel. 


A stiff paste of waterglass and fine powdered talc may be used as a considerably heat- 
resistant glue for joining ceramic, glass, and iron. 


It is useful to keep small pieces of the equipment in small labelled boxes for storage and 
transport. Match boxes are useful for clay dishes and other small items; aluminium cigar 
tubes may be used for magnesia rods, furrows, and other elongated items. Ask for such 
aluminium tubes at a tobacco shop. For transport, the entire equipment should be stored in a 
shockproof box made of stiff cardboard, plastic or tin. Glass items may be wrapped in bubble 
foil or crumpled paper, don’t forget to fill any voids with such material. The use of soft plastic 
foam cannot be recommended, it may be converted to a sticky mass by the influence of heat 
and chemicals after some time. 


The use of a spectroscope is recommended for the identification of alkali metals and 
alkaline earth metals. Spectroscopes using a prism for dispersion are expensive, with prices 
ranging from = € 160 to € 300. A cheap, but useful alternative is to use spectroscopes which 
only contain a slit and a replica diffraction grating. Such instruments need a slightly oblique 
look to the ocular side and are supplied by Ward’s Natural Sciences, New York or 
Astromedia, Germany at prices from € 6 to 24. On watching flame coloration the position of 
the burner as well as the spectroscope should be fixed and the flame and the slit should be 
parallel. - Prism spectroscopes show a non-linear wave length scale; the refraction index of 
the prism glass depends on the wave length, but this dependence is not linear. As the result the 
spectrum seems to be compressed in the blue, shortwave range. Spectroscopes with a 
diffraction grating show a linear wave length scale, such spectra are called normal spectra. 
Normal flame emission spectra of the alkali metals are shown in the appendix. 


Most chemicals are stored in plastic vessels, this is cheap and useful especially for field use. 
Please remember that nearly all kinds of plastic have a limited lifetime, after some years the 
material becomes brittle and any squeezing may cause cracks. Some liquids enhance this 
development considerably, like all oxidizing materials, ketones, halogen-containing 
hydrocarbons, and many liquid organic compounds with the exception of methanol and 
ethanol. Bottles and vials are mostly made of polyethylene, the high density kind marked PE- 
HD is superior to the low density type marked PE-LD. Polypropylene PP is comparable to 
PE-HD, it is used for funnels and beakers since it withstands boiling water for short term use. 
For heavy duty field use by exploration companies bottles are available that are made of 
polytetrafluoroethylene PTFE, teflon perfluoroalkoxylalkane PFA, or tetrafluoroethylene- 
hexafluoropropylene FEP. Such bottles are inert to all chemicals suggested in this book, 
including all concentrated acids and they withstand mechanical shocks. With prices in the 
range of € 20 to € 30 for 100 ml items they are expensive, but they may avoid a lot of severe 
trouble during field work. - Suitable for similar reasons are a 50 ml beaker made from PFA or 
ETFE ethylene-tetrafluoroethylene copolymere at a price of = € 10; such item can be used in 
a boiling water bath and is inert to all used chemicals. It should not be heated by an open 
flame. - The lower part of a plastic pill tube can be used as a small plastic beaker at 
temperatures up to 70°C. 
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The assays presented in this booklet have been selected in order to avoid the use of very 
poisonous compounds, such as alkali cyanides, mercury salts, and benzidine, as well as 
compounds that may cause severe risks during handling and transport, such as concentrated 
hydrofluoric acid and sodium superoxide. If you always follow all safety instructions 
cautiously and use only the small amounts recommended there is no health risk in laboratory 
work. A greater risk may be represented by some minerals, especially those containing Hg, 
As, U, and Cd. Mercury and arsenic are very toxic elements if they are incorporated and both 
elements are volatile on heating. So test all minerals that may contain these elements first by 
heating in a closed tube with soda + charcoal powder. If such a test is positive any heating on 
charcoal should be done only if an excellent ventilation is ensured. Collectors should store 
cinnabar specimens in air-tight polystyrene boxes; often native mercury in very small droplets 
is present and the mercury vapours may cause a chronic intoxication. Minerals containing 
arsenic are not volatile at room temperature but should be stored off limits for children. 


Cadmium is very toxic, too; it is considerably volatile by heating on charcoal, but the 
danger is much less. - The chemical toxicity of uranium is similar to that of mercury, the 
radiation risk is additional, especially for U-containing minerals which are in radioactive 
equilibrium with their decay products. No volatile products are formed by the recommended 
tests for U. But all uranium-containing minerals of a collection should again be sealed in air- 
tight plastic or polystyrene cases; the radioactive decay continuously produces radon *?*Rn 
with a half-life period of 3.82 days and radon *!’Rn with a half-life period of 3.9 sec; this 
noble gas may enter the air. Since radon is fairly soluble in water it may be incorporated by 
inhalation! 


Tellurium is a less poisonous element, no health risk, but a social risk may be encountered 
by the inhalation of traces of TeO2 fumes during heating of Te-bearing minerals on charcoal. 
At least a part of the Te is converted by metabolism into dimethyltellurium (CH3)2Te which is 
emitted by respiration and this compound has a very strong garlic-like smell. The same holds 
true for Se-bearing minerals, but the inhalation of more than traces of SeO2 may cause an 
irritation of the mucous membrane of your nose. This so-called selenium nose-cold ceases 
within days, but the garlic smell of sweat and breath is additional. 


Commercial and scientific laboratories should store any waste containing more than trace 
amounts of heavy metals like Cd, Pb, Cu, Ni, Co, Cr, Ba, Sr, Hg, U, Th, and As in a break- 
proof vessel. A near-neutral reaction of the solution can be provided by the addition of ternary 
calcium phosphate and aluminium hydroxide. Under such conditions most toxic elements 
enter the precipitate. 


A cheap method for the unambiguous identification of transparent minerals is the 
determination of the refractive index and of birefringence. Only mineral grains in the size of 
20 to 30 um are needed for the Becke line method if a polarizing microscope and a set of 
refracting index liquids are available. It is also possible to use a gem refractometer, but in 
this case a mineral specimen with a flat or polished surface of approximately 2 mm’ is 


needed. 


A polariscope is useful for the inspection of transparent single crystals and gems in the size 
range from one mm to several centimetres. The specimen is illuminated through a polarization 
filter and is viewed through a second polarization filter, both in crossed position. The field of 
view always stays black for glass and cubic crystals, like garnets or spinels, but if birefringent 
crystals are turned between the filters they usually change from bright to extinction. Synthetic 
spinels grown by the Verneuil technique show a typical, undulated extinction. Such cheap 
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synthetic spinels can be coloured nearly any colour during production by doping with 
different metals, thus imitating precious stones! - A century ago tourmaline-tongs were used 
for such purpose. Two thin plates cut parallel to the c-axis of a green tourmaline crystal were 
mounted parallel to one another by means of spring-like wire tongs. One of the mountings 
was rotatable.- Today it is more convenient to use two linear polarizing filters for cameras or 
cheap polarizing foil. It is a simple arrangement to build a cube from stiff cardboard, one side 
open. The filters are inserted in appropriate cuttings in two opposite squares next to the open 
side. Any skilful hobby worker may invent other arrangements. Such a device may be useful 
for the inspection of placer mineral concentrates containing raw gemstone minerals. 


United Nations reports estimate the number of people depending on wild gold digging at 
one million, thus dispersing approximately 500 tons of mercury per year into the environment. 
This caused serious contamination, especially in the Philippines and Brazil. Wild gold diggers 
are called garrimpeiros, they use the mercury to dissolve the fine gold powder gained by the 
washing process. The mercury is evaporated by heating with a strong flame on an iron base. 
In that way a massive piece of gold is achieved, but the mercury is spilled into the 
environment. Unfortunately some mercury - especially in the aquatic ecosystem - is 
transformed by the metabolism of microorganisms to much more poisonous compounds such 
as dimethylmercury. At the end of the food chain the mercury is concentrated in fish and 
shell-fish.- Commercial companies sometimes also use mercury for collecting gold from fine 
slimes, but they recycle the mercury by distillation in iron retorts. Mercury dissolves all 
metals with the exception of iron. - The use of mercury can be avoided by a very old process: 
molten lead with a melting point of 327.4°C readily dissolves gold, silver, and most other 
metals. The lead and all other metals besides the noble metals can be oxidized to the oxides 
by heating with an oxidizing flame. PbO melts at 890°C, this melt was soaked up by a base of 
slightly compressed fine powdered bone ash in a clay dish. This process was considerably 
improved early in the 19'" century by heating the Pb-Au alloy together with some borax in a 
clay dish. The borax melt dissolves all oxides immediately, and a noble metal bead is formed 
which only contains gold, silver and any metals of the platinum group originally present in the 
starting material. Any borax melt residues can be removed by boiling with water or diluted 
sulphuric acid. Admittedly, this process is somewhat less simple than the amalgam process, 
but the use of lead + borax is cheaper. The price for | kg Hg is = € 75, the use of pure lead + 
borax instead may cost =€ 25. - Lead from batteries contains considerable amounts of 
antimony and is less suitable for this purpose. Never try to use soldering tin for dissolving 
noble metals, the gold may be taken up by the SnO> resulting in oxidation! 


Beginners may have difficulties finding supply sources for chemicals and lab ware. 
Generally local suppliers should be preferred, since you save postage and packing costs. Try 


the Yellow Pages and ask at the next pharmacy. Butane torches and stainless steel forceps are 
mostly sold in DIY stores.- If no local supplier is available try the internet: 


Australia: (lab ware) Crown Scientific http:/crownscientific.com.au 
(chemicals) Sigma Aldrich Pty Ltd. ausmail @sial.com 
North America: http:/www.coleparmer.com or info@coleparmer.com (lab ware) 
aldrich @sial.com (chemicals) or canada@sial.com 


For cheap replica grating spectroscopes and sets of refractive liquids please 
contact: e-mail: customerservice @ wardsci.com 


Brazil 
Argentina 


Mexico 


Europe: 
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sigmabr@sial.com or Tecnipur@clix.pt 
info-argentina@sial.com 


mexico @sial.com 
(chemicals) http:/www.sigma-aldrich.com or deorders @eurnotes.sial.com 


(lab ware & chemicals) France + Germany info @carlroth.de 


Great Britain Sales @techmate.co.uk 
Spain carl.roth @retemail.es 
Russia lobin @ mail.chimmed.ru 


(cheap butane torches) http:/www.business.conrad.com 
( D.LY. kit for an excellent, cheap hand spectroscope © € 10), polarizing foil): 
service @ astromedia.de 


For supply sources for other European contries please ask: 
info @carlroth.de or www.sigma-aldrich.com or www.vwr.com 


Republic of South Africa: jhb@lasec.co.za or labchem @netactive.co.za 


Turkey 
India 
Tran 
Korea 
Malaysia 
China 


Japan: 


rsa@sial.com (chemicals) 
stufan @ interlab.com.tr 
india@sial.com 

info @kimiapajooh.ws 
hcjoo @sial.com 
sam @sial.com 

china @sial.com 


http://www.to-mate.co.jp 
sialjp @sial.com 


Finally, a hint to more or less dedicated mineral collectors. Long experience has shown 
that roughly 1 to 2 % of all sold minerals are incorrectly labelled, and even more are 
incompletely labelled, i.e. if you inspect the specimen carefully using a lens you may find 
other minerals. - If this information has triggered your interest in quick assays, I recommend 
that you do not buy the full equipment at once. Instead, start with the few chemicals and items 
for the classical tests described in part I. 
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III Appendix 


A basic kit of chemicals and equipment: 


soda, dry Na,CO, , sodium carbonate 

borax, dry Na,B,O, , sodium tetraborate 

phosphorous salt NH,NaHPO, 4H,O sodium ammonium hydrogen phosphate 
or 

sodium meta phosphate NaPO; 

ammonium hydrogen sulphate NH,HSO, 

a mixture of ammonium chloride and ammonium nitrate NH4Cl/NH,NO; 1:2.5 
a mixture of dry soda and potassium nitrate Na,CO;/KNO; 3:1 

tin Sn , granules or foil 

sodium perborate NaBO, 4H,0 or denture cleaning tablets 

fluorite CaF, 

gypsum CaSO, 2H,O 

silver Ag , sheet or coin 

pH paper 

cotton wool 

magnesium ribbon Mg 


butane burner 

charcoal in rectangular pieces 

magnesia rods 

magnesia furrows 

closed glass tubes 

open glass tubes 

wooden clothes peg (spring type) 

test tubes, small and normal size with cork stopper 
forceps, stainless steel 

spatula, stainless steel 

microscopic slides and cover glasses 

sapphire file 

a small mortar, made from agate or corundum, alternatively a porcelain mortar 
filter paper for analytical use, 50 mm diameter 
glass rods 

water colour brush 

streak plate 

cobalt glass 


hydrochloric acid, HCl 15% 

acetic acid, CH; COOH 20% 
ammonium hydroxide, NH,OH 15% 
methanol CH;0H or ethanol C,H;OH 


Annex I, comprises all chemicals and equipment mentioned in the General part: 


potassium hydrogen sulphate KHSO, 
oxalic acid (COOH), 2H,O 

Zn, in granules 

cobalt nitrate Co(NO;), 

tin chloride SnCl, 

sodium thiosulphate Na,S.0; 5H,O 
ammonium carbonate (NH,),CO; 
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ammonium heptamolybdate (NH,);Mo7O,7 4H,0 

potassium oxalate K,(COO), 

lead acetate Pb(CH;COO), 3H,0 for preparing lead acetate paper 
barium hydroxide Ba(OH), 8H,0 or calcium hydroxide Ca(OH), 
ammonium hypophosphite NH,HPO, 

potassium permanganate KMnO , for preparing pyrolusite paper 
sodium hydroxide NaOH 

potassium hydroxide KOH 

dimethyl glyoxime CH,;C(NOH)C(NOH)CH; 

nitric acid 15% HNO; 

Pt wire loop 

a small beaker, 10 or 25 ml 

dropper 

stainless steel spoon 

small porcelain dish 

glass funnel, top diameter 35 mm 

plastic funnel 

clay dishes 


Annex II, comprises all chemicals and equipment mentioned in the Special part: 


Some chemicals are only used for the determination of one or a few elements, this is indicated by the 
relevant element symboles in brackets. 


ammonium sulphate (NH,).SO, (Ca ) 

sodium acetate CH;COONa 

potassium carbonate K,CO,; 

potassium nitrate KNO; 

potassium nitrite KNO, (1) 

potassium bromide KBr ( only used for the preparation of bromine water ) 
potassium bromate KBrQ3;( only used for the preparation of bromine water ) 
potassium iodate KIO; (Th ) 

potassium dichromate K,Cr,O,(F, Pb ) 

ammonium oxalate (COONH,), H,O (Ca ) 

ammonium thiocyanate NH,CNS (Co, Mo ) 

sodium nitroprusside Na,Fe(CN);NO 2H,O (S in presence of Se or Te ) 
sodium cobaltonitrite Na;Co(NO,)¢ also called sodium hexanitritrocobaltate(IID ( K ) 
sodium fluoride NaF (U ) 

calcium hypochlorite Ca(ClO),( Au ) 

ammonium acetate CH;COONH, 

sodium sulphide Na,S 

potassium ferrocyanide K,Fe(CN),3H,O 

potassium ferricyanide K,Fe(CN),( Fe** ) 
5-(4-dimethylaminobenzyliden)-rhodanine C,,H,,N,OS, ( Ag, Au, Pt, Pd) 
diphenylcarbazide C,3;Hi4N,O ( Mg ) 

aurintricarboxylic acid ammonium salt C,.H,40. 3 NH;( Al ) 
quinalizarin, 1,2,5,8-tetrahydroxy anthraquinone C,,H;O¢ 

also sold as chinalizarin ( Be, Mg ) 

Na alizarin sulphonate C,,H;O,;SNa also sold as alizarin red S 
p-nitrobenzeneazo-a-naphtol O.NC,H.=NC ,,~H,OH 

also called 4-(4-nitrobenzolazo)-1-naphthol or magneson II ( Mg ) 
diphenylthiocarbazid C,;H;NHNHCSN:NC,H; also called dithizon ( Zn ) 
sulphur S 

copper sulphate CuSO,5H,O (Br) 

copper oxide CuO (Cl) 
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potassium iodide KI 

barium chloride BaCl ,2H,O ( SO,” ) 
silver nitrate AgNO; ( As ) 

turmeric paper (B, Zr ) 

KI/starch paper 

ZnS paper 

zinc ferrocyanide paper 

hydrochloric acid, conc. HCI 30% 
nitric acid, conc. HNO; 68 % 
sulphuric acid H,SO, 100% 


spot test plate 

test tube rack 

silver dish 

plastic beaker 
water bath/ tea light 
SiC grinding paper 
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Normal spectra of alcali metals 
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Glossary 


carbonatite 
A calcitic or dolomitic rock of apparently magmatic origin. 


Earth's crust 

The outmost layer of the Earth constitutes less than 0.1% of the Earth’s volume. The 
continental crust of continents and continental shelves has an average thickness of 35 km, 
while the oceanic crust underlying the deep sea is only 5 to 10 km thick. 


endogenic cycle 
All geological events happening within the Earth’s crust, mainly under reducing conditions. 


exogenic cycle 
Geological events on the Earth’s surface, mainly under oxidizing conditions like weathering, 
transport, and deposition of sediments. 


gossan 

An iron-bearing weathered zone overlying many sulphide deposits. It contains mainly 
hematite and limonite, but sometimes residual minerals like gold and often oxidation products 
such as sulphates, phosphates, arsenates, and vanadates. German: Eiserner Hut 


hydrothermal deposit 
Deposits formed from aqueous fluids by the crystallization of ore and gangue minerals in the 
temperature range of 50° C to 400° C, mostly they occur in former fractures and faults. 


ICP spectrometer 

The substance is dissolved; this diluted solution is sprayed into the plasma of an inductively 
coupled plasma torch. The extremely high temperature of the plasma causes a wavelength- 
characteristic emission of visible light for nearly all present elements. A special combination 
of prisms, lenses, and detectors allows the simultaneous identification of many elements. 


igneous rock 
A rock that solidified from a wholly or partially molten material, a magma. 


isomorphism 
Two or more different crystalline compounds with very similar crystal lattices which form 
mixed crystals. 


mafic minerals 
Dark coloured minerals, mainly ferromagnesian, occurring in igneous rocks. 


metamict 

A mineral whose short-range order has been disrupted by radiation damage after 
crystallization. The radiation is due to uranium or thorium. Most metamict crystals show a 
dark colour, e.g. zircon. 


metamorphic rocks 
A rock derived from a sediment or other rock by the formation of new crystalline phases due 
to considerable changes in temperature and pressure, generally at depth in the Earth’s crust. 
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nepheline syenite 
Plutonic rock, mainly composed of Na-rich alkali feldspar and nepheline together with 
amphiboles or pyroxenes. Rare minerals are often frequent in minor amounts. 


orthomagmatic 
The stage during which the main mass of a magma crystallizes. 


outcrop 
Rocks and minerals that are exposed and visible at the surface. 


oxidation zone 
The part of a sulphide deposit that is chemically altered by the reaction with water and air. 


pegmatite 

A coarse-grained igneous rock at the upper margin of granites, mostly within the overlying 
rocks. During crystallization of a granite the residual melt is enriched with water and all 
elements which are not incorporated in the main minerals quartz, feldspars, and biotite. Thus 
such enriched trace elements themselves form minerals in the pegmatite. 


placer deposit 

A surficial mineral deposit which is formed by the mechanical concentration of weathering 
debris by tides or rivers. Typical placer minerals have a density higher than quartz, they are 
considerably weathering-resistant and mostly have a hardness higher than 5. 

E.g. cassiterite, rutile, zircon, diamond, gold. German: Seifenlagerstdtte 


pneumatolysis 
Alteration of a rock by a super-critical fluid derived from a magma. 


plutonic rock 
Such rocks have been formed at considerable depth by the very slow crystallization of a 
magma, therefore medium to coarse grained crystals are dominant. E.g, granite and gabbro. 


silicates 

Compounds with a crystal structure containing SiO4 tetrahedra. The tetrahedra can be joined 
through one or more of the oxygen atoms to form groups eso, soro), chains (ino), rings 
(cyclo), sheets (phyllo), or three-dimensional (tecto) structures together with other cations. - 


Scanning electron microscope (SEM) 


The specimen is sputtered with gold or graphite to ensure electric conductivity; it is 
positioned in a vacuum chamber. An electronic beam is focused on the specimen surface and 
scanned across it in a raster pattern of parallel lines. The electron impact at the surface causes 
the emission of secondary electrons with energies of a few tens of eV, and high energy 
backscattered electrons. The intensity of both emissions is very sensitive to the angle between 
primary beam and surface. 

The emitted secondary electrons are collected and amplified; this signal is used to vary the 
brightness of a cathode ray monitor scanned in synchronism with the primary electron beam. 
Thus the SEM image shows the surface topography of the specimen at a magnification of 40 
to more than 10,000 x. 
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Suitable detectors for backscattered electrons can produce also a backscattered image, in 
this case the intensity is dependent on the average atomic number of the specimen, as well as 
the surface topography: local variations in chemical composition result in variations in the 
contrast of the image. 

Moreover, X-ray photons are emitted with wavelength and energy characteristic of the 
elements in the specimen. This spectrum can be used for quantitative chemical microanalysis. 
French: microscope electronique a balayage - German: Rasterelektronenmikroskop 


transition elements 
All elements with atomic numbers from 21 to 30, from 39 to 48, from 57 to 80, or 89 and 
higher. They are all metals. 


volcanic exhalations 
Gases produced by a volcano; they always contain water and carbon dioxide; H2S, HCl, 
fluorides and chlorides are also frequently present. 


volcanic rocks 
Rocks that have been formed by the very quick crystallization of a magma at or near the 
surface. Crystals are generally very fine-grained, some glass may occur. E.g. basalt. 


X-ray fluorescence spectrometer 

The sample is either melted with lithium borate to produce a glass disc, or very finely 
powdered and pressed to a flat pellet. A characteristic X-ray spectrum of the elements is 
produced by directing an X-ray of very short wavelength at this sample. This is due to specific 
electronic transitions within the atoms of the substance. The emitted specific X-rays are either 
separated by a monochromator and detected (wavelength dispersive spectrometer) or 
determined by a detector which measures the energy of the X-ray quantum (energy dispersive 
spectrometer). 


X-ray powder diffraction 

A monochromatic X-ray beam is directed towards a flat, fine-powdered crystalline sample. 
The random orientation of the tiny crystals ensures all possible orientations between the X-ray 
and crystal lattice. Appropriate rotations of the sample and the detector allow all diffracted 
beams to be recorded consecutively (X-ray powder diffractometer). 

The Debye-Scherrer method places the powder sample in a thin capillary of a Li-Be-borate 
glass. This capillary is turned around in the axis of a cylinder, the primary X-ray beam hits the 
sample perpendicular to the axis, and the diffracted beams are recorded by a film which is 
fixed to the inner surface of the cylinder. 


Subject index 


Agate mortar, 11, 71 
Air traffic regulations, 8, 15 
Alizarin, test for aluminum, 39 


- test for zirconium, 61, 62 


Alkali hydroxides, fusion with, 31, 36, 37, 39, 43, 


-51, 56, 61,71 
Aluminium, test for, 32, 39 
Aluminum foil, 12, 16, 24, 40, 49 
Amber, 18 
Anvil, 71 
Ammonium hydroxide, 14, 15 
Ammonium molybdate, 63 


Antimony, 18, 19, 21, 26, 55 


Aragonite, distinction from calcite, 64 


Arsenates, 20, 34, 35 

Arsenic, 18, 19, 21, 26, 30,39, 73 
Aurintricarboxylic acid, 39 
Barium, 26, 28, 41 

Beryl, identification, 42 
Beryllium, 42 

Bismuth, 20, 21, 22, 26, 43 

Blank test, 9, 10, 40, 51 

Blow pipe, 3, 5, 6, 7 

Borax beads, 8, 23 - 26 

Boron, 26,27, 31, 41 

Bromine, 42, 46 

Bromine water, 41, 42, 63 
Bunsen burner, 6, 32, 57 

Butane burner, butane torch, 6, 7, 25 


Cadmium, 21, 44, 73 


Calcite, staining tests, 64 
Calcium, 26, 28, 43 

Carbonate, detection, 18, 35, 43 
Carbonate, staining, 64 

Carbon, 43 

Carborundum SiC, 43 
Carborundum paper, 11 
Cassiterite, test for, 57 

Cerium, 44, 45 

Cesium, 47, 81 

Charcoal, 7, 8, 10, 20 

Chemicals, supply sources, 74, 75 
Chemicals, transport of, 12, 15, 72 
Chlorides, detection of, 35, 46 
Chlorine, 34, 46, 60 

Chromates, formation of, 47 
Chromium, 26, 29, 30, 47 

Clay dishes, formation of, 9 

Clay dishes, glazing of, 9, 70 
Cobalt, 22, 25, 26, 30,47 

Cobalt glass, 27 

Colour intensity of solutions, 34, 48, 42 
Colour perception, 71 

Coltan, 52 

Columbium, 30, 52 

Copper, 22, 25, 26, 48, 68 


Copper minerals, solution in ammonium carbonate, 
- 48, 68 


Corundum mortar, 71 


Comminution, 71 
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Curcuma paper, see turmeric paper, 41, 61, 62 Internet, mineral data, 70 
Density determination, 69 Iodine, 46, 49, 63 
Decripitation, 17 Iridium, 54 
Diamond, 43 Iron, 22, 25, 26, 48 
Diamond file, 11 Iron oxide, selective dissolution of, 34 
Dimethylglyoxime, 53, 55, 62 Lanthanides, 44 
Dolomite, staining test, 64 Lanthanum, 46 
Dropper, 14, 15 Lead, 20, 22, 24, 26,54 
Earth’s crust, composition of, 39, 82 Lithium, 26, 28,50, 81 
Ferric iron, 49 Mafic minerals, 82 
Ferrous iron, 49 Magnesia rods, 8, 24, 27, 37 
Filter paper, 38 Magnesia furrows, 9, 13, 29, 37 
Finger protectors, 16 Magnesite, staining test, 64 
Fluorescence, 34, 59, 65, 66 Magnesium, 50, 51 
Fluorine, 18, 31, 48 Magnet, transport of, 71 
Fusion melts, a survey of, 36, 37 Manganese, 29, 51 
Gallium, 62 Manganese oxides, selective dissolution of, 34 
Germanium, 62 Mercury, 18, 19, 20, 49, 74 
Glass rod, 11, 47, 61 Metallic beads, 20, 21, 23, 36 
Glass tubes, cutting of, 11 Metamict minerals, 17, 82 
- bending of, 19 

Microcosmic salt, 12, 13, 23 
Gold, 22,40, 74 

Molybdenum, 22, 26, 30, 52 
Gossan, 20, 21, 40, 82 

Neodymium, 25, 44, 46 
Graphite, 24, 43 

Nickel, 22, 25, 53 
Hardness, determination of, 69 

Niobium, 52 


Health risk, by minerals, 73 
Osmium, 54 
Hydrogen peroxide, substitute by denture cleaning 


tablets, 14 Palladium, 54, 55 
- substitute by sodium perborate, 14 
- reaction with V, 60 Periodic table of elements, 80 
- test for Ti, 58, 61 
- test for Ce, 45 Phosphate beads, 23 - 26 
- test for Zr, 61 
ICP, 3, 82 Phosphorus, 26, 31, 53 


Indium, 62 Platinum, 8,54 


Platinum wire loop, 8, 24, 27, 59 

Plastic, stability of, 72 

Polariscope, 73 

Polarizing foil, 74, 75 

Potassium, 26, 28, 50, 81 

Praseodymium, 25, 44, 45 

Potassium iodide/starch paper, 42, 62 

Pyrolusite paper, 18, 62 

Quinalizarin, 42 

Rare earth elements, (REE), 44 

Reducing flame, for beads, 25 

Refractive index, 73 

Rhodium, 54 

Rinmann’s green, 32, 61 

Rubidium, 47, 81 

Ruthenium, 54 

Sapphire file, 11 

Scandium, 44, 45 

Scanning electron microscope, 3, 4, 83, 84 

Selenium, 18, 19, 21,30, 56, 73 

Silicates, structure, 35, 83 

Silicon, 23, 24, 31, 56 

Silver, 22,39 

Silver dish, 61, 71 

Sodium, 27,52, 81 

Spectroscope, with grating, 42, 72,75 
with prism, 42, 44, 46, 72 

Spot test plates, 9, 70 

Stannous chloride, 24, 25, 60, 63 

Steel mortar, small, 71 


Streak plates, 9, 11, 70 
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Strontium, 26, 28, 41, 58 


Sulphates, detection of acid insoluble, 30, 55 


Sulphides, detection of acid insoluble, 30, 31, 55 


Sulphur, 30, 31,55 

Sulphur dioxide, detection of, 18 
Tellurium, 20, 21,30, 58, 73 
Tantalum, 52, 58 

Thallium, 26, 62, 69 

Thenard’s blue, 32 
Thermoluminescence, 17 
Thorium, 44, 46 

Tin, 22,57 

Titanium, 26, 30, 58, 61 
Tungsten, 26, 30, 60 

Turmeric paper, 41, 61, 62 
Uranium, 26, 30, 59, 68, 73 

UV sources, 59, 65 

Vanadium, 26, 30,59, 60 

Watch glass, 10, 11, 12 

Water bath, 10, 72 

X-ray powder diffraction, 3, 4, 34 
X-ray fluorescence spectrometry, 3, 4, 84 
Yttrium, 44 

Zinc, 21, 32, 60, 61 

Zinc ferrocyanide paper, 48, 63 
Zinc sulphide paper, 63 


Zirconium, 61 
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scrap using aqua regia 


Computer circuit board scrap was first treated with one part 
concentrated nitric acid and two parts water at 70°C for 1 h. 
This step dissolved the base metals, thereby liberating the 
chips from the boards. After solid—liquid separation, the 
chips, intermixed with some metallic flakes and tin oxide pre- 
cipitate, were mechanically crushed to liberate the base and 
precious metals contained within the protective plastic or 
ceramic chip cases. The base metals in this crushed product 
were dissolved by leaching again with the same type of nitric 
acid—water solution. The remaining solid constituents, 
crushed chips and resin, plus solid particles of gold, were 
leached with aqua regia at various times and temperatures. 
Gold was precipitated from the leachate with ferrous sul- 
phate. 
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Introduction 


Electronic scrap, especially printed circuit boards, is recog- 
nized as an environmental problem today. In addition, it con- 
tains several valuable metals. The metal content in electronic 
scrap can be as high as 40% by weight (Setchfield 1987, Feld- 
mann & Scheller 1995). Recycling of electronic scrap may pro- 
vide a substantial source of both ferrous and non-ferrous met- 
als, as well as precious metals. This also recovers non-metallic 
materials, mainly ceramics and plastics. Although the majority 
of the metals (about 39% of the scrap weight) are base metals 
such as copper, iron, nickel, tin, lead, aluminum and zinc, major 
attention has been on the recovery of the precious metals 
gold, silver and palladium (Setchfield 1987, Feldmann & Schel- 
ler 1995). Of these metals, gold recovery receives the most 
attention because a considerable quantity has been used in 
the electronics industry during the past three decades (Zhang 
& Forssberg 1998). Figure 1 shows some typical computer cir- 
cuit board components with plated gold and base metals. 
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The traditional medium for dissolving gold (and the platinum 
group metals) is aqua regia, a mixture of three parts concen- 
trated hydrochloric to one part concentrated nitric acid. The 


reactions involved are as follows (Herschlag 1941, Jacobson 
1959): 


2HNO, + 6HCI > 2NO + 4H,O + 3Cl, [1] 
2Au + 9HCI1 + 3HNO, > 2AuCl, + 3NOCI + 6H,O- [2] 
3HCI + HNO; > Cl, + NOCI + 2H,O [3] 
From these reactions, note that nitrosyl chloride forms in 
reaction [3] between hydrochloric and nitric acid. If the aqua 
regia solution is diluted with water, then chlorine and 


nitrosyl chloride recombine to form hydrochloric acid and 


nitric acid, as shown above by reversing reaction [3]. 
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(b) 


Fig. 1: SEM micrograph of computer circuit board components with 
metal plating of: (a) Au-Ni-Cu; and (b) (Pd + Au)—Ni-Cu. 


The problems that hinder the leaching of scrap computer 
circuit boards using aqua regia are quite minor provided pre- 
cautionary measures are undertaken. First, the purity of the 
precipitated gold is decreased by the presence of silver chlo- 
tide in the residue, but a chemical wash with nitric acid 
before aqua regia leaching minimizes silver contamination in 
the gold precipitate. Second, metastannic acid hinders the 
dissolution of gold (Uhlig 1948). This acid is produced by 
the dissolution of tin from solder. Production of metastannic 
acid is also limited by an initial leach with nitric acid. In 
nitric acid, lead dissolves, tin cracks and flakes, and gold 
remains inert. Third, aqua regia is ineffective for dissolving 
the secondary platinum group metals — iridium, ruthenium, 
thodium and osmium (Ammen 1984). This is not a concern 
since only minimal amounts of these metals are present in 
computer chips. Despite these potential problems, aqua regia 
leaching was selected for the recovery of gold from computer 
chips because of its flexibility, ease and low capital require- 
ment (Ammen 1984). 


Recovery of gold from computer circuit board scrap using aqua regia 


Experimental 


Gold leaching from computer circuit boards involved three 
stages. During stage I, computer chips were separated from the 
circuit boards by leaching. Stage I leaching was conducted in 
nitric acid systems, in which the effects of acid concentra- 
tion, temperature, pulp density and retention time were stud- 
ied. Solution agitation occurred naturally through the emis- 
sion of nitrogen oxide vapours. These gases cause bubbling 
and frothing of the solution. Computer circuit boards were 
added to the solution in small increments to minimize exces- 
sive heating due to the exothermic reaction and to prevent 
excessive frothing due to the release of nitrous oxide fumes. 
On completion of the test, the charge was cooled, filtered and 
washed with distilled water. The various products were then 
weighed and analysed. 

After stage I leaching, the computer chips and coagulated 
epoxy resin were mechanically crushed. This crushing changed 
the structure of the computer chip—coagulated epoxy resin 
mixture from that of a plastic or ceramic case to a fine partic- 
ulate. Along with liberation of the encased metals, this 
reduction in particle size naturally aids in the further leach- 
ing of silver and base metals. Stage II leaching used the opti- 
mized parameters from stage I. 

The third stage leach dissolved metallic gold with aqua 
regia from the second stage leach computer chip residue. The 
parameters investigated for the third leach stage were: (1) 
temperature, (2) pulp density and (3) retention time. Experi- 
ments were undertaken in a 200 mL Pyrex beaker which was 
initially charged with 50 or 100 mL of aqua regia. After 
charging, the solution was allowed to stabilize at the prede- 
termined temperatures of 23, 50, 70 or 90°C. Elevated tem- 
peratures were achieved by using a hot plate. Upon tempera- 
ture stabilization, a total of 25 g of crushed computer chips 
from the second stage leach was added to the solution in 
small increments to control the reaction rate and minimize 
temperature change due to the exothermic reaction. This 
overall weight was selected to provide a solid/liquid ratio of 
1 g solid to either 2 or 4 mL aqua regia. A vigorous reaction 
was maintained throughout dissolution by gas evolution 
(reactions [1] to [3]). Upon completion of the test, the charge 
was cooled, filtered and washed with distilled water. The var- 
ious products were then analysed with atomic absorption 
spectrophotometry (AAS). 


Results and discussion 


Through extensive investigation, optimized leaching param- 
eters were obtained for stage I: acid concentration, one part 
nitric acid to two parts water; temperature, 70°C; pulp den- 


sity, 3 mL of solution per gram of solid; and retention time, 
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Fig. 2: Effect of temperature and time on the third stage leaching of 
gold from computer circuit boards. 


1 h. Under these conditions, the computer chips readily sep- 
arated from the fibreglass boards. These leaching conditions 
maximized metal dissolution, but minimized fibreglass decom- 
position and nitric acid usage. 

For the third stage leaching, the computer chip residue 
was digested at 23, 50, 70 and 90°C in aqua regia to deter- 
mine the effect of temperature on the dissolution of gold. 
The results for the four temperatures at various leaching times 
are shown in Figure 2. The differences in the rates of leach- 
ing among the four solution temperatures were probably 
mainly due to the more rapid formation of chlorine and 
nitrous oxide at higher temperatures, providing more effec- 
tive solution agitation. Inconsistencies (e.g., between 50 and 
70°C at short times and at 23°C for longer times) are more 
probable when agitation rather than kinetics is controlling 
the rate of gold oxidation. Furthermore, the temperature effect 
is generally less dramatic. 

The amount of solution required for complete immersion of 
the computer chips was approximately 2 mL per gram of com- 
puter chips. Gold dissolution in aqua regia at a temperature of 
90°C was almost complete within 30 min as long as the com- 
puter boards were crushed to a particle size of 425 um, thereby 
ensuring the liberation of precious metals from the ceramic 
and plastic components. For a lower pulp density of approxi- 
mately 4 mL per gram of computer chips, the rate of precious 
metal solubilization was unchanged. Therefore, increasing the 
amount of acid used per gram of computer chips did not meas- 
urably increase the leaching rate. This would not have been 
the case without the previous nitric acid leaching which sol- 
ubilized the base metals (Stage II). Otherwise the base metals 
would have acted as an acid consumer thereby increasing the 
amount required for total gold dissolution. 

The effect of agitation on the dissolution of gold in aqua 
regia was monitored at 90°C. At this temperature, the agitated 
and non-agitated solution dissolved the gold at approximately 
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the same rate; dissolution was complete in both solutions 
within | h. The behaviour of the non-agitated solution closely 
resembled that of the agitated solution because of the self- 
induced agitation brought about by the release of nitrous oxide 
and chlorine vapours causing bubbling and frothing of the 
solution. Fresh reagent from the bulk of the solution was con- 
stantly brought to the gold surfaces in the non-agitated case. 
At the same time, the gold chloride was constantly removed 
from the surface of gold. This solution transfer occurred in both 
cases and allowed for complete dissolution of the gold. 

As for gold deposition from the leachate, it can be easily done 
through traditional methods such as a ferrous sulphate precip- 
itation procedure (Jacobson 1959, Ammen 1984). The gold 
flakes obtained were impure with some other elements and 
sulphate. Purer gold was obtained by repeating the aqua regia 
digestion—-ferrous sulphate precipitation cycle on the gold 


flakes. 


Conclusions 


The results obtained from the study of leaching base metals, 
and leaching and recovering gold from scrap computer cir- 


cuit boards allow the following conclusions to be drawn. 


1. An effective method to recover gold from as-received 
scrap computer circuit boards involves the following steps: 
(1) leaching in a nitric acid—water system; (2) mechanical 
crushing of computer chips and coagulated resin; (3) fur- 
ther leaching in a nitric acid—water system; (4) leaching 
of solid residue in an aqua regia system; and (5) precipita- 
tion of gold with ferrous sulphate. 

2. Mechanical crushing liberated base and precious metals 
that were once contained within the protective plastic or 
ceramic computer chip cases. A 1 : 2 nitric acid : water leach 
readily strips the crushed computer chip-coagulated resin 
product of base metals, which would contaminate the gold 
precipitate. 

3. Higher temperatures tend to give faster leaching rates of 
gold, possibly due to the fact that more rapid formation of 
chlorine at higher temperatures allows the gold to be 
more readily oxidized. 

4. The amount of aqua regia required for complete immer- 
sion of the computer chips was approximately 2 mL per 
gram of computer chips. Increasing aqua regia beyond this 
ratio did not increase the leaching rate of gold. 

5. Agitation was unnecessary for gold leaching in the aqua 
regia solution. The self-induced agitation brought about 
by the release of nitrous oxide and chlorine vapours caused 
bubbling and frothing of the aqua regia solution. 

6. Ferrous sulphate precipitation can be used to recover gold 
from the leachate. 
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On Malachite, from Kitab al-Jamahir (Book of Precious Stones), al-Biraini (Abi al-Rayhan 
Muhammad ibn Ahmad al-Birini), 1020-1030 


Al-Kindi says that a mine of malachite is found among those of copper in the caves of mountains of 
Kirman. When melted in a crucible, it gives copper. It is said that it is used by alchemists. If this is 
so, this explains why it is soft and greasy, and does not alter on heating. Al-Kindi says that, during 
the days of prosperity of Iran, large pieces of the mineral were found, and utensils used to be made 
from them. Whatever was in the mine gradually became depleted and nothing was left. One of its 
varieties is the Sigzi. It is rated less than the Kirmanian kind, and inferior to both is the kind which 
is associated with Arabia. One variety of it is found in a cave in the desert of Banu Salim. If put into 
oil, it becomes very green. Nasr writes: 


It is a hard mineral stone comprising three kinds. The Marwani kind is found in the copper mines of 
the mountain of Kirman. It is variegated in colour and has veins having eyes and half moons. 

Rubbed with oil, it gives the glossiness of copper. The Khusraws of Persia had their dinner sets and 
saucers made from it. The mine is now totally exhausted and all that remains is like red putrid mud. 


The second kind, which is more recent, comes out of a copper mine and is closer to the Marwani 
kind. The third kind comes from Arabia and is obtained from the way leading to Makka in Harra' 
Banu Salim. Its greenness becomes glossy with oil, and, if left in the oil for long periods, becomes 
darkish. It is soft when freshly mined, but keeps on gradually hardening. If placed in sesame oil, its 
glossiness is enhanced. It is rubbed with concentrated vinegar, placed in leaven and finally in ash. 


Abu Bakr bin Muhammad Zakariya Razi writes: Malachite is Egyptian as well as Khurasani, but the 
Kirmanian kind is the best. This, lapis lazuli, turquoise, and haematite are the golden stones. 


Probably he wrote this, as lapis lazuli has glossy eyes which are gold-like, otherwise he knows all 
too well that lapis lazuli bears relationship to copper, and, because of its coppery sheen, it looks 
more pleasing than gold. 


About malachite and turquoise, he writes: 


Both through the action of air become altered in their transparency and opacity and some people, 
for this reason, do not like them. 


The author of the Kitab al-Nukhah writes about malachite that it is very green and has a tinge of 
rustiness. It has very slender black lines intersecting it and occasionally a mixture of redness is also 
found. Its one variety is peacock-like and the other is the muwashsha or printed. 


The Kitab al-Mashahir says that dahnaj comprises green grains with which gems are rubbed. 

Dahnaj is its noun singular. It would have been nearer probability if it had been said by the author of 
the work that gems and counters are made from it. Sihar Bakht writes that dahnaj is hajar al-missan. 
He has elaborated in support of this statement by stating that missan-i-'aqic] is the green stone 
which is dahnaj. I fail to understand why he has said this, except that both stones share their green 
colours. This green colour looks pleasing in dahnaj and unpleasant in missan (whetstone). 


Al-Kindi says he saw an old and broad malachite piece weighing nine rath. The Sijzi variety of 
malachite is found in weights of up to 20 rath and the kind found in the deserts of Arabia weighs up 
to 10 rath. The mineral which is taken out of Harra' Banu Salim weighs up to 2 rath and the 
Kirmanian kind is one-half of one-sixth of a rati. 
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ENGLISH TRANSLALION 


In the Indian language (i. e. Sanskrit): Rasayanasas 
troddrti—quotations from the text of Rasayana. In the Tibet 
an language: gser. ’gyur. bstan. boos. bsdus. pa.— quotation 
from the text regarding the change of base metals into gold. 


Homage to the Omniscient One 


l. Salutation to the Omniscient, Iswara, who bestow: 
peace and good upon all beings. gives liberation from ( worlé 
ly ) enjoyment (Jlons.spyod ). 


2. Salutation to the revered Maheswari, who is beyond 
(rnam. par grol.—deliverance ) what is eross or subtle, and is 
both explicit ( gsal—visible ) and non-explicit, and is one that 
pacifies all ( mchog. tu. zi.). Let her bestow good and wel: 
fare ( upon beings ). 


Mercury Products 


3. After compounding with various materials many 
useful products can be prepared from pure and solid mer- 
cury (dnul. chu ). 


Merits of Mercury 
4. Mercury has three-fold merits ( yon. tan ) : 

(1) Burnt mercury ( rgyal. ba—being congue 
cures diseases. (2) Heated mercury (smin. pa) removes 
poverty ( of the person engaged in experiments ) (3) Confined 
(by mystic mantras of the Tantric School ) mercury ( beins. 
pa ) goes into the sky (i. e. evaporates—mkha’. la. o7o ). ( There 
is a traditional belief that an expert can fly by holding con- 


fined mercury ). [ Burnt mercury obviously refers to the oxide 
of mercury. Ed.] | 


Merits of Mica 


o. Heated mica (ehan.tsher) has eight-fold merits. 
Heated with sulphur (mu.zi), it has six-fold merits. Lik 
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mercury, confined mica. (by mantras) with gold facilitates 
fiioht in the sky (lit. how can you check the going into 
the sky ) 


Copper Polish 


6. Take zinc on tin ( Gsa’.tse=tin) and mercury dust 
(sediment ) of equal proportion and powder them. Add 
Bzia.ba@ ) juice (ot a kind of white coloured flower ), double 
in proportion, with half of (the above mentioned ) powder 
according to the method (mentioned in) spoken by Candra- 
paksa .( gla.bai.phyogs ). This compound can _ polish 
(*big—to pierce ) many (Jit. sixty four ) sheets of copper (plates ). 


7. This compound without mercury (being not strewn 
on mi.gior.sin ) is reddish. It enriches (the compounder ). 
The heated oompound in a little viscid form is turned into 
sky-blue colour. Then it will last long. 


Method of Melting 


8. The process of melting ( smin.pai.misan.nid ): Boil 
mercury properly and add silver or gold ( proportionately ). 
They will be transformed into one body and will not be 
decomposed any more. [This is amalgamation process—Ed]. 


Method of Vandha [confining | — 


9. The method of confining is; Add '( burnt) mercury 
~(dban—lit. subdued ) with heated mica. It enriches (the 
experimenter ) and leads him to the door of religion (by 
the Tantric practices the practitioner can attain liberation ). 


Gold-coloured Polish 


10. These three are the rarest things on the surface of the 
earth : 
(i) the head of the bird cataka (who eats sky— 
kha.yan.nan.mkha.zaba.dan) (ii) the compound which is 
formed with sulphur and haritala (iii) milk of lioness 
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( traditional belief is that from milk of lioness pearl is formed ). 


1]. ‘T’he more these (rarest things) are old, the more 
they are (active). These things are to be heated and 
the product made by these things should be kept for 
many days. Then the compound will be an effective one. 
A large number of things (lit. one crore) will be polished. 
The polish being applied on iron that has glaze (’od.ldan.- 
leags—purified iron ) will be very good. 


12. If those rare things be not available, the same 
product can be made by the following materials (i) ( purificd ) 
iron (’od.ldan.lcags ), (2) brass of 1/2 zo. in quantity, (3) 
( zinc ) tin, (4) copper, (5) Rahu svarna, a kind of flower 
( sgra.gcan.gser ), (6) the white (stones used for medicine ), 
(7) iron, (8) heated mercury ( dnul.chui.smin.pc ). 

’'Od.ldan.lcags. lit. means iron glaze. Here, iron is 
also mentioned. So it may be steel. Zo is a kind of weight 
used in Tibet. 10 Zo=1 sran. sran is a kind of Tibetan coins 
like Indian Rupee. 1 Zo=1/10 oz. 


Other Formulae 


13. For making gold ( rasiyana—gser.gyur ) these six are 
to be mixed (1) mercury (2) suiphur (8) (dri.med) dirt- 
less nirmali (skt), or haritala () in equal proportions with 
sulphur (4) makshika (a kind of stone) (5) mtshal, vermilion 
(asafoetida 2?) (6) kuntika - sikhi. 


14. The learned khows the method of preparing a com- 
pound with red ochre ( gser.gyilelsag ) and arsenic ( ba.bla.- 
rnams.J. ) etc., for which they should endeavour. 


Another Compound for Work on Gold 


15. For making various works on gold add the follow- 
ing: arsenic, yellow colour (kha.dog.ser), white metals 
(dkar.pos.khams ), mica and sobhir of equal proportions. Add 
kakusatha and melt these separately according to the method 
of the learned. 
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16. The attributes of the compound are: after distilla- 
tion ( sbyans.par ) the fluid compound will be of glazy colour 
and of light weight. Afterwards, when it will be whitened, 
it will then be very acute and effective. 


Classification of Copper 


17. Copper is red and hard, and, is of three categ- 
)ories : (1) of the best quality, copper is imported from 
Nepal ( Bal.Yul) (2) of the medium quality, copper is as a 
flower leaf or petal (’dab.ma ) (3) copper of the inferior quality 
has no glaze but spots. 


Gold Polish on Copper 


18. For the proper preparation (of gold polish) the 
compound (of polish) beginning with heated mercury will 
be made. Then the compound will be painted on pure copper 
(ot the best quality ). Afterwards this copper piece will be 
glazy and bright ( with the polish ). The compound of heated 
mercury is good. By this black lead will be turned into white 
colour. | Amalgamation—Ed. |] 


Polish on Lead 


19. The fluid of lead is naturally light in weight. Lead 
with aloy will be good. On black lead the polish will be 
soon active. The polish will make a piece of lead white. 


Polish of Brass 


20. The fluid of brass is like that of gold (in glaze ). 
It removes impurity present in other metals. The fluid of 
brass will be more strong and firm with some alloys ( being 
poured upon the fluid ). With copper, brass will last long. 


Quality of the Polish 


21. The (above mentioned) compound (of polish ) 
having no alloy (drima.yan.dagldan) will give sound 
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( sgra.ldan ) (a tingling sound will occur when the compound 
will be dropped ). It is heavy, strong and very adhesive 
(lit. firm and superior ). Being applied on copper and lead, 
it is thickened and will last long (lit. it: will hold fast ’: 


Qualities of Gold 


22. Gold has got six qualities. Itis (a) separable by 
cutting, (not by any other: means ), (b) yellow coloured when 
it is rubbed, (c) of saffron colour, being burnt in fire, (d) 
bright, (e) heavy, and (f) glittering like kunda flower or a 
shining star. 


23. (Harler) scholars enumerated sixty four lakshana 
or characteristics of gold polish, which are mentioned above 
and will be said Jater on. 


Polish on Steel [ glazy iron | 


24. If the work be done with keen concentration the 
polish will act on steel (’od.ldan.legas.rnams—glazy iron, etc. ) 
very well ( lit. hold strongly )}. For making eatice from 
gold or steel ( glazy i iron, etc.) the method will be applied. 


Method of Powdering 


245. Lhe method of powdering :—An expert one knows 
the method with a kind of salt and with a kind of urine 
( dri.cht.sde.tshan. ). 

Method of Gold Powdering 


26. Piace (gold) on three earthenware. pots ( kon.bu ) 
and add strong acid in quantity ( skyur.rtsi.rnam ba.man.pos ). 
Then gold will be powdered. 


27. In this way, copper and steel (glazy iron) will 
be purified by acid wash. 
Another Method of Purifying Copper 
28. Add elephant (glan.-chen) bone dust (rus phye ) 
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with glass jewel powder (’chin.bui.phye-mas ) and sprinkle 
for seven times the urine of goat upon these two powders. 

99, Learned men know the use of copper and its 
process of purification. Purified copper will be used in many 
ways. 

Method of Purifying Brass 


30. The method of purifying rfass is to be learnt pro- 
perly. The learned knows the method of making brass dust by 
rubbing it with salt and urine for several days. And, after- 
wards, put (brass dust) in three earthenware pots ( kon.bu ) 
again and again (for washing ). Then brass will be purti- 
fied. | | 


- Method of Purifying Bell Metal 


31. ‘The method of purifying bell metal (’khar.pa ) 1s 
similar to that of brass. (You) should learn that well. (Accord- 
ine to the method of powdering ) fine dusts from it will be 
made. 


Then, add salt-mixed urine with those bell metal dusts and 
wash the material again and again for seven times. 


Method of Purifying Lead 


39. Put (some) lead into fire until it gets copper-like 
colour ( ji.zrid.zans.su.magyur ). When it will have copper-like 
colour ( zans gzugs ), add some brass again on it. 


32 ‘The learned knows the method of purifying the 
compound ( copper and burnt lead ), when it will have some 
(tingling ) sound ( sgra-ldan ). The learned purifies lead accord- 
ing to the sastras. 


34, By arsenic powder ( ba.blai.phye.mas ) which is (as 
strong ) as burning ( ‘bar.biin ), and srikhanda’s juice ( 0.mas ) 
it (lead dust ) will be purified by washing for a day (again and 
again ). 

60 
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35. Lead will be well purified by burning on fire, and by 


(arsenic compound ) powder. Within seven days, lead will be 


inade pure by washing with the juice of three kinds of fruits 
( bras.bu.gsum.gyis.khu.bas ). 


Method of Purifying Zinc 


36. The process of purifying zinc is like that of lead, 
with the seed of kunali and the foamy content of wine (lit. flower 
of wine—can.gi.me.tog.khu.da, it may be a sort of flower from 
which wine is prepared ). 


37. The (above mentioned) powder should be pure. 
Add zine to the powder and wash repeatedly by castor oil 
( od.gi.blo.gros.mar.khu ), and karanja 011 (‘od.ki.blo.gros.mar.Rhu— 
literally means enkindling o1l—castor oil. It may be a kind of 
medicine ). 


General Method of Purification 


38. The method of purification is well described ; for, 
many people carry out this process wrongly. Scholars know 
how to burn lead in fire to make it pure by (removing alloy, 
or ) adding malt | from which beer has been brewed ( sban. 
ma )|. 


89. Hxpert people know how to extract [bku|] by apply- 
ing urine three times and by washing [seven] several times. 
Thus the purification will be made. 


Impure Gold 


40. Impure gold will be detected, as [a piece of |] impure 
gold will not shine much in light. 


Causes of Impurity and Wastage of Gold 
41. The six things are: [a] salt, [b] urine, fc]. acid, 


id] by putting oil, [e] honey, and [f] unguent (alloy, byug.pa). 
[Glod will be discoloured by these. ] 


, 
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Power of Siddhas 


42. The learned [siddhas—dnos.grub| can attain accom- 
plishment of changing iron and other metals into gold, even 
not by applying any methods mentioned above. 


Process of Making Golden Colour 


43-44. Steel [glazing] iron [will shine] as gold and 
elitter like silver. To make the things active at first, purity 
the metal and then work on. Add, then makshika, salt and 
acid together to make the [polish] colour very good. The 
Mulasastra of Rasayana ends. 
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[ Note. On p. 124 of the main text reference has been made 
to this work under the name of Dhatuvadasastra or Dhatuvadasastro- 
ddrti. It was stated there that in view of the imperfect impressions 
of the xylograph belonging to the Asiatic Society of Bengal and also 
of that of the Calcutta University library, it had not been possible to 
obtain an English translation of this work. Recutly Sri Suniti Kumar 
Pathak of Visvabharati University, Santi-niketan, from a careful 
comparison of the xylographs of the Asiatic Society, Calcutta Univer- 
sity and of the Visvabharati library has succeeded in transcribing and 
translating the same for us. Ed. | 


